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Zero Voltage Switching (ZVS) Turn-on Triangular Current Mode
(TCM) Control for AC/DC and DC/AC Converters

Nidhi Haryani

ABSTRACT

One of the greatest technological challenges of the world today is reducing the size and weight of the existing
products to make them portable. Specifically, in electric vehicles such as electric cars, UAVs and aero planes,
the size of battery chargers and inverters needs to be reduced so as to make space for more parts in these vehicles.
Electromagnetic Interference (EMI) filters take up a more than 80 % of these power converters, the size of these
filters can be reduced by pushing the switching frequency higher. High frequency operation (> 300 kHz) leads
to a size in reduction of EMI filters though it also leads to an increase in switching losses thus compromising on
efficiency. Thus, soft switching becomes necessary to reduce the losses, adding more electrical components to
the converter to achieve soft switching is a common method. However, it increases the physical complexity of
the system. Hence, advanced control methods are adopted for today’s power converters that enable soft switching
for devices specifically ZVS turn-on as the turn-off losses of next generation WBG devices are negligible. Thus,
the goal of this research is to discover novel switching algorithms for soft turn-on.

The state-of the-art control methods namely CRM and TCM achieve soft turn-on by enabling bi-directional
current such that the anti-parallel body diode starts conducting before the device is turned on. CRM and TCM
result in variable switching frequency which leads to asynchronous operation in multi-phase and multi-converter
systems. Hence, TCM is modified in this dissertation to achieve constant switching frequency, as the goal of this
research is to be able to achieve ZVS turn-on for a three-phase converter. Further, Triangular Current Mode
(TCM) to achieve soft switching and phase synchronization for three-phase two-level converters is proposed. It
is shown how soft switching and sinusoidal currents can be achieved by operating the phases in a combination
of discontinuous conduction mode (DCM), TCM and clamped mode. The proposed scheme can achieve soft
switching ZVS turn-on for all the three phases. The algorithm is tested and validated on a GaN converter, 99%
efficiency is achieved at 0.7 kW with a density of 110 W/in®.

The discussion of TCM in current literature is limited to unity power factor assumption, however this limits the

algorithm’s adoption in real world applications. It is shown how proposed TCM algorithm can be extended to



accommodate phase shift with all the three phases operating in a combination of DCM+TCM+Clamped modes
of operation. The algorithm is tested and validated on a GaN converter, 99% efficiency is achieved at 0.7 kVA
with a density of 110 W/in®. TCM operation results in 33 % higher rms current which leads to higher conduction
losses, as WBG devices have lower on-resistance, these devices are the ideal candidates for TCM operation,
hence to accurately obtain the device parameters, a detailed device characterization is performed.

Further, proposed TCM+DCM-+Clamped control algorithm is extended to three-level topologies, the control is
modified to extract the advantage of reduced Common Mode Voltage (CMV) switching states of the three-level
topology, the switching frequency can thus be pushed to 3 times higher as compared to state-of-the-art SVPWM
control while maintaining close to 99 % efficiency. Two switching schemes are presented and both of them have
a very small switching frequency variation (6%) as compared to state-of-the-art methods with >200% switching

frequency variation.
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Power supplies are at the heart of today’s advanced technological systems like aero planes, UAVS, electrical
cars, uninterruptible power supplies (UPS), smart grids etc. These performance driven systems have high
requirements for the power conversion stage in terms of efficiency, density and reliability. With the growing
demand of reduction in size for electromechanical and electronic systems, it is highly desirable to reduce
the size of the power supplies and power converters while maintaining high efficiency. High density is
achieved by pushing the switching frequency higher to reduce the size of the magnetics. High switching
frequency leads to higher losses if conventional hard switching methods are used, this drives the need for
soft switching methods without adding to the physical complexity of the system. This dissertation proposes
novel soft switching techniques to improve the performance and density of AC/DC and DC/AC converters
at high switching frequency without increasing the component count. The concept and the features of this
new proposed control scheme, along with the comparison of its benefits as compared to conventional

control methodologies, have been presented in detail in different chapters of this dissertation.
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Chapter 1. Introduction

This chapter presents the motivations, objectives and overview of this dissertation. First, the
latest trend and the requirements of high-density converters are discussed. The challenges and
limitations of state-of-the-art hard switching continuous conduction mode (CCM) and pulse width
modulation (PWM) are discussed. It is shown that soft switching is required to maintain high
efficiency for power electronic converters operating at high switching frequency ranges. The need
to push power converters to high switching frequencies comes from the drive to achieve higher
power density as high frequency operation leads to a significant decrease in filter volume which
consumes most of the space in power converter systems. It is also discussed how in wide bandgap
devices soft switched turn-on is more essential than soft switched turn-off. A survey of the existing

soft switching schemes is presented, followed by the dissertation outline and the scope of research.

1.1 Research Background

High performance power electronic converters are the heart of today’s fascinating electrical
grids, aerospace systems and servers as shown in Fig. 1.1. To understand the challenges of the
converters’ requirements for these high performance electrical systems, the latest trend of electrical

systems and the need for high density will be discussed first.

Figure 1. 1 Applications of Power Converters
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These power converters can operate as power factor correctors (PFC) which are single-phase or
three-phase AC/DC converters used for improving power quality or DC/AC inverters connected in
grids (as shown in Fig. 1.2, 1.3, 1.4, 1.5 and 1.6), uninterruptible power supplies (UPS), motor

drives or PV panels.

Active
Front End

AC Input EMI Filter

Figure 1. 2 Block Diagram of AC/DC Power Converter Systems

L
Y'Y V.
C (]
Vin¢ =O:E Ro
<

4 5

Figure 1. 3 Single phase PFC circuit schematic
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Figure 1. 4 Three-Phase PFC circuit schematic
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Figure 1. 5 Block Diagram of DC/AC Power Converter Systems
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Figure 1. 6 DC/AC three-phase inverter circuit schematic

1.1.1 High Power Density Power Electronic Systems

Power electronic converters are widely used in electrical systems such as grids, servers and
electric vehicles. The push until now has been for power electronic systems to achieve higher
efficiency, however recently the drive has been to achieve higher power density. To achieve higher
density, the size of the active bridge, dc capacitance and EMI filters has to be reduced. The active
bridge size can be reduced by decreasing the number of devices, using smaller devices and
packaging the devices more compactly as discussed in [A.1], [A.2], [A.8], [A.17] and [A.18].

As compared to state-of-the-art Si devices, GaN devices with similar voltage and current rating
have smaller sized package as discussed in [A.12]-[A.18] and shown in Fig. 1.7. The capacitor size
can also be reduced by using smaller ceramic and film capacitors and positioning them as near to
the devices as possible. The third and most space consuming part in most power converters today
are the EMI filters as shown in Fig. 1.8. The size of EMI filters can be reduced by operating at high

frequency ranges.



Figure 1. 7 Comparison of size of state-of-the-art Si and GaN devices at similar breakdown

voltage and current ratings

Figure 1. 8 Power Converter showing 80 % of the space being taken by input filter at f; ~50 kHz

in [A.11]

The above converter from [A.11] is designed for ~50 kHz switching frequency operation,
hence the EMI filter size is large and it occupies most of the space in the converter. The three
inductors shown in the red box measure 300 pH each, hence they occupy a large space in the
converter. For achieving higher density, the switching frequency can be increased to > 300 kHz to

reduce the size of the filter as discussed in [B.38].



Figure 1. 9. DM filter size reduction from 50 kHz PFC DM filter to 1MHz single-phase PFC

DM filter from [B.38]

1.1.2 High Frequency Operation Challenges with Hard Switching

As discussed above, pushing the switching frequency to > 300 kHz greatly reduces the size of
the filter, however pushing the switching frequency higher will also lead to more switching losses
in the devices.

1.1.2.1 Single-Phase PFC Hard Switched Continuous Conduction Mode (CCM)

In recent years, along with the rapid development of power electronic technology, the
application of various types of power electronic devices in the power system, industry,
transportation, family and many other fields has become wider. However, the harmonic pollution
and reactive power issues brought by them is becoming an increasingly serious concern. The
harmonic current and harmonic voltage in the grid can cause great harm to other electric equipment.
Under this circumstance, power factor correction (PFC) technology has gradually become an
important subject in the field of power electronic research. As for switch power supply, it is a very
effective method, using active power factor correction technology in power electronic equipment,
to restrain harmonic current in the power grid and to improve the power factor ([A.1] and [A.2]).

Ideally, the load of PFC should be equivalent to a resistance when looking from the input, thus
enables the line side of electrical equipment a high power factor of 0.99, or even higher. Most of
the PFC topologies are based on boost circuit. According to the different states of inductor current,

the control methods of APFC are classified into continuous mode (CCM), critical mode (CRM)



and discontinuous mode (DCM). In order to maintain continuous current, inductor of PFC under
CCM mode are usually made bigger, meanwhile higher the cost becomes. Moreover, MOSFETs
do not achieve zero current conduction and zero voltage switching, making the loss bigger. The
shut off current of diode is not zero, leading to a bigger reverse recovery loss ([A.2], [A.3], [A.8]
and [A.10]). However, because of its continuous current, when operating under high power
condition, the inductor has small ripple current. The current stress of MOSFET is small, and the
EMI differential-mode noise is also small. The schematic of a single-phase PFC is shown in Fig.

1.10.

Figure 1. 10 Single-Phase PFC circuit schematic

The function of power factor correction is to ensure that the output voltage maintains constant
despite the change of input voltage or load. Besides, it makes the input current track the change of
input voltage, with the present state of sine wave. In this way, a single control loop will not meet
the requirements of the whole system. Usually the processing method is to use double control loop.
The outer loop works as the voltage control loop and the inner loop is the current control loop. The
outer loop maintains the output voltage constant, while the inner one guarantees the input current
of system track the shape of input voltage. The output of outer loop is sent to the inner one as input.

System control structure is shown in Fig. 1.11 below ([A.37]).
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Figure 1. 11. Working principle of CCM boost PFC from [A.37]
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After sampling circuit, output voltage V, is transferred into sample value Vo’ which is yhen
compared with the reference voltage Vrer, the voltage error value is fed into the Pl controller of
voltage control loop, so that the output voltage V, can maintain stable. The output value of voltage
loop PI controller, V¢, is multiplied by Vin', which is the sample value of input voltage. Since the
shape of input voltage sample value is sinusoidal, the signal of sine wave shape is obtained. This
signal is the reference of inductor current, and then the current error value is sent into the current
loop P1 controller after comparing I with Iret. By corresponding algorithm, 1. is designed to follow
Iref, SO as to ensure the input current of inductor be able to track the change of lwt. Thus, the input
current is in phase with the input voltage and achieve the goal of power factor correction. The

inductor current and reference current in CCM is shown in Fig. 1.12.

Ref current

>

Figure 1. 12. Inductor Current and Phase Current of one phase



The loss breakdown for a single-phase PFC operating in CCM at 230 V Vac, 400 V Ve,
1.2 KW Py, fsw 1 MHz is shown in Fig. 1.13 based on analytical model of GaN HEMT. The converter
suffers from considerable turn-on losses making soft switching turn-on a necessity for efficient
high frequency operation. Also, because of the diode recovery current problem, a converter

operating in CCM has higher switching loss and noise ([A.8]).

Loss Breakdown @ 1.2 kW

Loss (W)
o

7 -

Cond. Turn-on Turn-off
CCM

Figure 1. 13. Loss Breakdown of single-phase PFC

1.2 State-of-the-art Soft Switching Control Methods for Single-Phase PFC

As shown above, the switching losses specifically the turn-on losses become significant at high
switching frequencies, hence soft turn-on is required, i.e. the voltage across the device should reach
zero before the device is turned on and it starts to conduct current. There are several methods to
achieve soft switching by adding resonant elements in the converter ([A.38]-[A.43]), however they
do not form the scope of this research as they add complexity to the circuit and the layout. The soft
switching methods which can achieve soft turn-on by making use of parasitic components, i.e.

parasitic capacitors will be discussed in this section.

1.2.1 Single-Phase CRM

The mode of conduction in which the inductor conducts current continuously i.e. the inductor

current increases or decreases continuously is called continuous conduction mode or CCM as



discussed above. The mode of conduction in which the inductor current remains zero for some part

of the switching cycle as shown in Fig. 1.14 is called discontinuous conduction mode (DCM).

~ lpEak

IAVERAGE

Figure 1. 14. Inductor current in DCM

The mode of conduction in which the inductor current just touches zero and then starts to
increase again is called Critical Conduction Mode (CRM) or Boundary Conduction Mode (BCM)
as shown in Fig. 1.15. The detailed operation of CRM and how soft switching achieved in CRM is
discussed in detail. CRM for single-phase PFC has been discussed in detail in [B.2], [B.6], [B.8]

and [B.22].

/ bEAK
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Figure 1. 15. Inductor current in CRM

The circuit schematic of single-phase totem pole PFC is shown in Fig. 1.10. In order to overcome
the high turn-on losses, critical conduction mode (CRM) is a preferred control method. In the circuit
schematic in Fig. 1.12, the two switches in the right leg operate synchronously with the mains
frequency, i.e. when v, > 0, Sn2 conducts and when v, < 0, Sy conducts. Here the input voltage is
assumed to be constant for one switching cycle as the switching frequency (fsw) >> line cycle
frequency. When input voltage v, > 0 the circuit will simplify to a boost converter with Si» as the

main/low side (LS) switch and Si: as the auxiliary/high side (HS) switch as shown in Fig. 1.16.
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Low Side (LS)

GaNFET
Figure 1. 16. Equivalent circuit schematic when viz>0

The detailed switching waveform is shown in Fig. 1.17. Initially, switch S, is closed and the
input voltage vy is applied across the inductor L. Thus the inductor current i increases linearly for
a fixed on time (Ton) whose value depends on the converter output power Po. S12 is switched off at
the end of Ton. Immediately after the turn-off instant of Si12 the capacitor Coss» is discharged while
Cosst Is charged at output voltage Vac where Cossz and Coss: are the output capacitors of the
switches S12 and S11 respectively. Thus, the two output capacitors and the inductor form a resonant
circuit. Current i increases till the voltage across the switch Si2 (vs12) reaches vy and then it starts
to decrease. Finally, Cossz is charged to Vg and Coss: is discharged to zero after which the body
diode of Sy starts conducting. Hence, S11 can be turned on at 0 V. After a short delay, Si1 is turned

on and the inductor current i_ falls linearly. Si1 is turned off when i, reaches 0.
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Figure 1. 17 Current and Voltage waveforms in CRM for one swithcing cycle

Immediately after the turn-off of S11, resonance occurs between Coss1, Coss2 and L, the nature of
this resonance depends upon the input voltage vn and output voltage Vac. If v < V4e/2, Cosse iS
completely discharged and ZVS turn on of Sz is achieved. If vh > Ve/2, Coss2 is discharged to 2vy-
Vdc. The turn on instant of S;2 must coincide with the valley switching instant to ensure minimum
turn-on losses as shown in Fig. 1.18. The minimum voltage achievable during the non-ZVS

transition is:

Minimum Voltage = 2v, -V, @
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(a) (b)
Figure 1. 18 (a). Resonant transition when input voltage is greater than half of DC voltage:
Partial ZVS achieved (e) Resonant transition when input voltage is less than half of DC voltage:

Complete ZVS achieved

The inductor current waveform for CRM is shown in Fig. 1.19. The losses between CCM and
CRM for a single-phase PFC are compared in [B.12] for a 230 V Vacrms, 400 V Ve, 1.2 kW P, and
1 MHz minimum switching frequency (fsmin) and it is shown that CRM provides 2.5 % benefit in
efficiency. The turn-on losses are < 0.1 %. In addition, CRM boost PFC converter can eliminate
the reverse recovery loss of power diode with ZCS. The loss breakdown is shown in Fig. 1.20.
Small turn-on losses are present due to partial ZVS. The devices used are 650 V, 30 A cascode
GaN devices from Transphorm.

100
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Figure 1. 19 Inductor current for one line cycle in CRM for Vaerms: 115V, Vgt 270 V, Po: 3.3

kW, fi: 400 Hz, fsmin: 1 MHz
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Figure 1. 20. Loss Breakdown Comparison between CCM and CRM at 230 V Vacrms, 400 V Ve,

1.2 KW P, at 1 MHz f;

As can be seen above, partial ZVS losses can be significant, also since the aim of this
dissertation is to be propose soft switching techniques for three-phase converters, the correct
modeling of the valley switching point will be very difficult, hence a method in which complete
ZV/S turn-on is achieved is required. Such a modulation called Triangular Current Mode (TCM)
has been proposed in [A.3].

1.2.2 Triangular Current Mode (TCM) Control

To overcome the drawback of losing ZVS over some part of the mains period, the inductor
current can be allowed to go below zero (as proposed in [A.3]), i.e. S11 is kept on even after the
zero crossing of i.. Hence during Interval 4, i keeps decreasing linearly till it reaches a negative
current Ir (as shown in Fig. 1.21). This technique is called Triangular Current Mode (TCM) control.

In TCM, Interval 1-3 are similar to CRM as shown in Fig. 1.17 and 1.21.
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Figure 1. 21 Current and Voltage waveforms in TCM for one switching cycle

As soon as i. reaches Ir, Si1 is turned off and resonance occurs between Coss1, Coss2 and L.
During this resonance vsi2 reaches 0V (contrary to CRM) due to negative inductor current ir. Thus
ZV'S can be achieved over the entire mains cycle as shown in Fig. 1.22. When vsi2 reaches 0 V,
inductor current iL is commutated to the body diode of Si» and after a short delay Si12 can be turned

on at zero voltage.

% v,>V,/2

Ve Vsi12

Zero Voltage

L switching

w

N

Figure 1. 22 Resonant transition in TCM when input voltage is greater than half of DC voltage:

Complete ZVS achieved
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Ir has to be chosen so that ZVS is achieved over the entire mains cycle. Minimum Ig, Totr2 and

Ton2 required to achieve ZVS:

_y 2
I =-(Vn\/1—(vdc ) )\/ Los (2)
A L
L
T = | 3
off 2 Vdc_vn| R| ( )
L
T0n2 = z |IR| (4)

where Tof2 and Tonz are the off time and on time of the main switch (during negative current)

respectively.

Average inductor current iay
If the resonant transition times are assumed to be much smaller than Ton1, Toff1, Toff1, Toff2, the

average current iay in CRM and TCM is given by:

. lv
av,CRM 2 L on ( )
. lv,
Iav,TCM = E T (Tonl _Tonz) (6)

Inductor current waveform for TCM is shown in Fig. 1.23. Loss comparison between
CCM, CRM and TCM for a 230 V Vacrms, 400 V Vqc, 1.2 KW P, and 1 MHz minimum switching
frequency (fsmin) is shown in Fig. 1.24. This comparison has been made based on an analytical loss
model of. The loss breakdown shows complete elimination of turn-on losses and a very small

(<0.05 %) increase in turn-off and conduction losses.
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Figure 1. 23 Inductor current for one line cycle in TCM for Vagms: 115 V, Ve 270 V, Po: 3.3

kW, fi: 400 Hz, fsmin: 1 MHz

Loss Breakdown @ 1.2 kW, 230 V,.
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Figure 1. 24 Loss Breakdown Comparison between CCM, CRM and TCM at 230 V Vacrms, 400

V Vi, 1.2 KW P at 1 MHz fs

Variation of the switching frequency fsw during one line cycle is given by:

Vinrms2 (Vdc B [Vinmax Sln(a)t)D

fsw,CRM (t) = SLPV (7)
— (Vdc B IVinmax Sln(a)t)D
forom (1) = V(T 4T ) (8)

where Vinrms and Vinmax are the rms and amplitude of input voltage respectively and P, is the output
power. The efficiency is improved in TCM but the switching frequency variation also becomes
higher as shown in Fig.1.25. As variable switching frequency is not preferred in three-phase

converters and multi-converter systems, TCM is modified to achieve quasi constant switching
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frequency. The method proposed is discussed in Chapter 2. A review of the existing three-phase

CRM schemes is discussed in the next section.

3X 10°

frequency(Hz)
N o

-
o

02 04 06 08 1 12
time(s) x10°

Figure 1. 25. Switching frequency variation during half line cycle in CRM and TCM
1.3 Review of Three-Phase TCM

1.3.1 Three-Phase Decoupled TCM

Three-Phase TCM has been proposed for micro-inverters (shown in Fig. 1.26) in [C.5], [C.11],
[C.17] and [C.18]. This technique is similar to single-phase TCM, it makes use of body diode
conduction before the device is turned on, and hence the current is bidirectional. This technique is
called Boundary Conduction Mode (BCM). Since the soft-switching condition for the switches of
the conventional half-bridge three-phase topology is created by this control scheme, no additional
devices or magnetic components are required. This method also allows for easy implementation in
a DSP and, thus, eliminates the requirement for external analog components, further decreasing the

component count.
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Figure 1. 26. Half bridge three-phase DC-AC Inverter

A standard half-bridge three-phase inverter is shown in Fig.1.26. In this topology, the diodes and
capacitors paralleled with the MOSFETS are the body diodes and parasitic output capacitors of the
MOSFETSs. The ZVS boundary conduction mode (BCM) control is implemented for this topology.
ZVS is achieved by allowing the bidirectional current flow that discharges MOSFET output

capacitor and passes through the body diode prior to each switching transition.
1.3.1.1 Basic Operation

Since the DC mid-point is connected to AC neutral as shown in Fig. 2.1, each phase of three-
phase inverter under BCM current control operates independently. Hence the whole system
behaves as three single-phase converters running in parallel. Therefore, to analyze the detailed
operation principle, transition from one switch to another one in one phase leg of the inverter is
given. The following assumptions are made to simplify the analysis of the ZVS inverter:

1) the whole inverter system operates in steady state;
2) the output voltage (Vo) is the grid voltage.

Since the switching frequency (fs) is much higher than the grid voltage frequency, the output

voltage is assumed to be constant in one switching period (Ts). Fig. 1.27 shows the current and

voltage waveforms during the transition.
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Figure 1. 27 One switching cycle in BCM control

The detailed operation stages are presented as follows:

Stage 1 (t1—3): In this stage, as shown in Fig. 1.27, the switch Sa2 is on and the switch Saz is off.
The equivalent circuits are shown in Fig. 1.28 and 1.29. The inductor current is linearly decreasing,
after crossing the zero point (at t2), it increases in the opposite direction. The inductor current is
calculated according to the following equation:

V,. -V, /2

iLa (t) = L

L+, (4) 9)

Vdc/2

Vdc/2

[t1-42]

Figure 1. 28 Equivalent circuit during t:-t,
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E

Vdc/2

[t2-3]

Figure 1. 29 Equivalent circuit during to-ts

Stage 2 (tz—14): In t3, the inductor current has reached the expected reverse value and switch Saz
is turned off. As the switch Sa2 is turned off, the resonant current of inductor La discharges and
charges the parasitic capacitors of the MOSFETS Sa1 and Saz, respectively. The equivalent circuit
is shown in Fig. 1.30. This stage ends when the capacitor of MOSFET Sa; is totally discharged and

its voltage is zero. The status equation for the inductor current and capacitor voltage can be written

as follows:

i (1) =i, (t;)cos(apt)— et Ve Zgin (1) (10)
0

Vg (1) = (Vie 2=V, )+ (Vg / 24V, ) cos (at) —i (t;)Z, sin(wyt) (1)

The natural resonant frequency (wo) and the characteristic impedance (Zo) of the resonant tank,

composed by La, Csat, and Csa, are defined in (19) and (20), respectively

0, = (L2)
° o J2c

Z, = 4"

La
\’ %C C =Cu =Cy, (13)
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[t3-t4]

Figure 1. 30 Equivalent circuit during ts-ts

Stage 3 (ta—1s): In t4, the voltage across Sa: drops to zero, and the antiparallel diode of the switch
Sa1 starts to conduct. The equivalent circuit is shown in Fig. 1.31. Saz is turned ON under the ZVS

condition. During this stage, the inductor current starts ramping up according to the following

equation:
()= 2 Ve ¢t (14)
Vdc/2
il.n
Vdc/2 — |
S2 || & ==Cs2
JhaT
[t4-t5]

Figure 1. 31 Equivalent circuit during ta-ts

Stage 4 (ts—#7): In ts, the switch Sa: turns ON at zero voltage. The equivalent circuit is shown in

Fig. 1.32. Inductor current transfers from the antiparallel diode to the switch Sa1 and keeps
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decreasing linearly until it reaches a zero value and then increases in the opposite direction.

Inductor current still follows (21).

Vdc/2

Vdc/2

[t5-t6]

Figure 1. 32 Equivalent circuit during ts-ts

[t6-t7]

Figure 1. 33 Equivalent circuit during te-t;

Implementation of the ZVVS BCM control requires setting the upper and lower boundaries (limits)

of the inductor current.
1.3.1.2 Issues and Limitations of Three-Phase Decoupled TCM

As discussed above, the operation of three-phase TCM is highly simnplified when DC mid-point
is connected to AC neutral, the converter operation is very similar to single-phase converter
operating in TCM mode. Each phase leg’s operation can be viewed and understood independently.

Since in TCM as the switching frequency changes during the line cycle, the biggest drawback of
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the above method of achieving three-phase soft switching is the three phase legs operate at

completely different switching frequencies simultaneously as shown in Fig. 1.34.

20~

0 0.2 0.4 0.6 0.8 1 1.2
Figure 1. 34 Switching frequency variation during half line cycle showing each phase leg

operating at completely different switching frequencies at the same time

The first limitation of this three-phase control scheme can be addressed by the single-phase
QCFTCM control proposed in the Chapter 2. The inductor current ripple of each phase can be
modified in such a way that all the phases run at the same switching frequency at the same time
although it’ll result in very high ripple in the current which is discussed in the next chapter.
However, decoupled TCM control has a second limitation too: since during ramping up, the slope
of the current is (Vac/2-|Vac|)/L (from Eq.21), it’s necessary that the ac voltage is always less than
half of the DC voltage (Vac/2>|Vac|), hence limiting the modulation index to 1. To address both

issues, three-phase CRM with phase synchronization from [C.7] and [C.20] is discussed below.
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1.3.2 State-of-the-art Three-Phase CRM with Phase Synchronization

1.3.2.1 Three-Phase Conventional CRM

Conventional Three phase CRM has been discussed in [C.7] and [C.20] for a three-phase single

switch boost PFC as shown in Fig. 1.35. The detailed operation is discussed below.

1.3.2.1.1 Theory

Figure 1. 35 Three-Phase single switch Boost PFC

The three-phase operation is analyzed sector wise like it is done in SVM in which the line
cycle is divided into 6 sectors, a sector changes whenever a phase with the maximum absolute
voltage changes. However, in this operation, the line cycle is divided into 12 sectors as shown in
Fig. 1.36, where in each sector, the voltage direction and relative magnitude of the three-phase

input voltage is same. The input voltages are given by:

v, =V, sin(wt) (15a)
v, =V, sin(at -27/3) (15b)
v, =V, sin(wt+27/3) (15c¢)

One switching cycle waveform in sector I (0<wt<m/6) is shown in Fig. 1.37. Each
switching cycle can be divided into 3 intervals. The input voltages are assumed to be constant for

one switching cycle as the switching frequency (fsw) >> line cycle frequency.
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Figure 1. 36. Line cycle divided into 12 sectors
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Figure 1. 37 Switching cycle waveform in Sector |

(1) Switching Mode 1 (0-Ty)
During switching mode 1, when Qy is on, D1, Ds, D3 conduct and the phase currents increase

directly proportional to respective phase voltages. The equivalent circuit is shown in Fig. 1.38(a),

the phase currents’ slopes are given by:

di, /dt=v,/L (16a)
di, /dt=v, /L (16b)
di,/dt=v /L (16c)

After ip reaches peak current inp1, Qo is turned off, the peak inductor currents are given by:

. Vv
L1 = faTl 17a)
. V
Top1 = Tle @7b)
. \Y
Icp1 = chl (17 C)
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(2) Switching Mode 2 (T1-T1+T2)
During switching mode 2, when Qy is off, Dy conducts and Dy, Ds, Dz are still conducting, the

equivalent circuit is shown in Fig. 1.38(b). The phase currents’ slopes are given by:

di, /dt = (v, -V, /3)/L (18a)
di, /dt=(v, + 2V, /3)/ L (18b)
di_ /dt=(v, -V, /3)/L (18¢)

This mode ends when i, reaches zero as va iS minimum in magnitude in sector I, the time
corresponding to this falling period is

3v
T,=—=2 T, 19
2V =3y, ¢ (19)

0o a

The peak current inp2 and icp2 are given by:

I |
Iz = g +d—sz (20a)

g2 = ~lhpo (20b)
(3) Switching Mode 3 (T1+T2-T1+T2+T3)
In this mode, iy is zero while Ds and D3 continue to conduct, the equivalent circuit is shown in
Fig. 1.38(c). The phase currents’ slopes are given by:
di, /dt=—di_ /dt=(V,+v, —v,)/2L (21)

This mode ends when ic and iy reach zero. The fall time Tz is given by:

il v, 2w
P ldiy dt] (Vv -V )3V, V)

(22)

After i, reaches zero, Dg stops conducting, resonance occurs between Lg and output source
capacitors of devices such that Vgson reaches 0 and Qg is turned on at 0 V Vgs. This marks the

beginning of a new switching cycle.
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(©)

Figure 1. 38 (a) Equivalent circuit in switching mode 1 (b) Equivalent circuit in switching mode

2 (c) Equivalent circuit in switching mode 3

Average phase currents can be calculated from area integral of the current waveforms and the

calculated average currents are equated to the sinusoidal currents required given by:

i, =1, sin(at)=kyv, (23a)
i, =1, sin(owt—27/3) =k, (23b)
i, =1, sin(et+27/3)=kyv, (23c)
where

k =1,1V, (24)

From (26) and (29), the switching cycle is

\Y/
Ts :Tl +T2 +T3 = mTl (25)
o] b c

The switching frequency can be expressed as

1 V +v —-v
fSZT—ZOV—_bl_C (26)
o'l

S

The average currents are given by:
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USEP)

ia_avg - T (273.)

] i+, +0 )T, +1 T,

i g = bp1 11 T Uppa 2-|Em2 2 Thptls (27b)
oo T+ (g Fiepn) Ty gy T

|c_avg — pl'l pl 2Tp2 2 pl”3 (27C)

S
Hence, for synchronization, the phase with minimum absolute current/ voltage operates in DCM

and the other two operate in CRM.
1.3.2.1.2. Issue: Non-sinusoidal Currents

As can be seen from (34), the average currents are dependent on T1, T2, Tzand Ts, however, Ta,
Tz and Ts are dependent on T1 (from eqgns (26), (29) and (32)), hence this scheme has just one
independent control variable which is not enough to control three average currents. Since

I, +i,+1, =0 (28)

Two independent control variables are required to control two average currents and the third will
be dependent on the other two. Since in this method, T1 is the only independent control variable,
this method can be used to achieve soft switching but it is not enough to achieve sinusoidal currents
for all the three phases. The current for this modulation for 115 V Vacrms, 400 V Ve, 1.2 KW Py, 1
MHz fsmin is shown in Fig. 1.39. It can be seen that the average current is not sinusoidal. The average
current has a distortion factor of 0.97. Also, since in the above method, switching frequency is
dependent on line voltages which change during the line cycle, hence, this method also has variable
switching frequency as shown in Fig. 1.40. However, since all the phases are synchronized, all the

phases run at the same switching frequency.
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Figure 1. 39 Inductor current for conventional CRM
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Figure 1. 40 Switching Frequency Variation of conventional CRM over one line cycle
As discussed above, just one control variable and one active device are not sufficient for
achieving three sinusoidal currents. For achieving sinusoidal currents in all the three phases, at least
two independent control variables and more active devices are required. The issue of non-sinusoidal
currents is addressed in [C.21] for a VIENNA rectifier and it is shown how by introducing two

independent control variables, sinusoidal currents can be achieved.
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1.3.2.2 Boundary Mode Sinusoidal Input Current Control of the VIENNA

Rectifier

Vienna Rectifier (VR) are usually operated in CCM. However, operation in DCM with sinusoidal
input currents is also possible and has been applied in order to reduce the total harmonic distortion
(THD) of the input currents at light load [C.21]. By operating the rectifier at the boundary of DCM
and CCM, zero voltage turn-on of the power transistors can be obtained in case conventional Si
freewheeling diodes with sufficient reverse recovery current are employed, i.e. switching
frequencies in the 100 kHz range are possible without the need for SB SiC diodes.

In order to obtain sinusoidal input currents when operating the VR in BCM a special modulation

scheme has to be used which has been outlined in detail [C.21].

T . T
_®4-;_ ] I

tft T

Figure 1. 41 Basic power circuit of the VR. Three bidirectional switches Sa, Sy, Sc allow to connect each

phase to the DC-link midpoint, six diodes conduct the currents during the free-wheeling states to the

positive or negative DC-link rail, depending on the current direction.

For the analysis of the BCM control scheme, a simplified circuit of the VR as shown in Fig. 1.41
is considered. When operating in BCM, the boost inductor currents are zero at the beginning of
each switching period. The switching period always starts by turning on all the three switches S,,
Sb, Sc¢ simultaneously. For the following considerations of the currents in the boost inductors during

a single switching cycle Ts it is assumed that the values of the phase voltages show a relation ua >
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0 > up >uc and that all inductor currents are zero at the beginning of the cycle. Since the VR exhibits
phase symmetry and bridge symmetry [C.21] the same considerations can be applied to any other
30" section of the mains period.

State 1: At the start of each switching cycle all switches are turned on and the currents are rising
at a rate proportional to the corresponding phase voltage; the duration of the state is defined by the
duty cycle D;.

U, Iy
o =— o— -

by 'r.I:-

| O -—

U, I
—0 =— ol

Figure 1. 42 Equivalent circuit during State 1

State 2a: If all switches were turned off at the same time, the current with the smallest absolute
peak value, in this case i», would drop too fast and its local average would therefore be too low. In
order to avoid this, the absolute value of iy has to be increased. This can be achieved by turning-off
the switch conducting the current with middle absolute peak value (in this case ic) first, before
turning off the switches conducting the currents with minimum and maximum absolute peak value,
i.e. ip and ia (see Fig. 1.45(a)). The duration of this state 2a is given by the duty cycle D2a, which
has to be set such that the local average values of all currents are proportional to the corresponding

phase voltages.

Figure 1. 43 Equivalent circuit during State 2a

State 2b : Alternatively, the absolute value of i, could also be increased by leaving only the switch
conducting the current with the smallest absolute value (Sp) turned on after state 1 (see Fig. 1.45(b)).
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This state 2b can therefore also be used to achieve resistive mains behavior, concerning the relation
of the boost inductor currents local average values and the mains phase voltages. In both states 2a
and 2b, a current im is flowing into the midpoint M of the DC-link capacitors (Fig. 1.45). In state
2b the direction of that current equals the direction of the current with the lowest absolute value, in
state 2a it is the opposite. Therefore, the choice between states 2a and 2b offers a degree of freedom
which can be used to balance the voltage sharing between the upper and lower DC-link capacitor.
The duration of state 2b is given by the duty cycle D2, which has to be selected such that the local
average values of the boost inductor currents are proportional to the corresponding phase voltage.
]

u, a

a
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Figure 1. 44 Equivalent circuit during State 2b
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Figure 1. 45 Currents i, ip, ic in the boost inductors, current into the DC-link midpoint in, and
control signals of the four quadrant switches during a single switching cycle Ts using state 2a ()

and 2b (b) to achieve resistive behavior.

State 3: After state 2a or 2b is finished all currents are flowing through the free-wheeling diodes.

The duration of state 3 is defined by the time the current iy takes to reach zero.

U, iy
-
U, Iy, i
I — L‘|1r|
U, I
~— oo

Figure 1. 46 Equivalent circuit during State 3

State 4: During state 4 only two diodes remain conducting, the duration of the state is given by

the time it takes until the currents reach zero.
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Figure 1. 47 Equivalent circuit during State 4
In order to maintain resistive mains behavior as outlined in the previous section, the necessary
durations of states 1, 2a and 2b have to be calculated by the current controller, depending on the
phase voltages, the DC-link voltage and the required input conductance to be emulated for the
mains which is defined by the voltage controller as it determines the power delivered to the DC
side. In the previous section it is assumed that ua > 0 > up > uc. Considering the phase symmetry,
i.e. all phases feature the same circuit topology, all permutations of the phases a, b, c are also
covered. In fact, if the three mains voltages are sorted by their absolute values and the subscript
keywords max, mid and min are assigned to all phase quantities instead of a, b and ¢ such that
U > [Uii | > Ui (29)
Hence, the according switch duty times Tmax, Tmid and Tmin for resistive mains behavior can be
calculated. In BCM the switching frequency is varying such that the rectifier is always operating in
boundary conduction mode, i.e. state 4 is immediately followed by state 1.

The simulation results from [C.21] for 400 V Vac, 800 V V4c, 10 KW Po, 5 pH inductance are

shown in Fig. 1.48.
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Figure 1. 48 Simulated waveform of a phase current, i, from [C.21]

1.3.3 Issues and Limitations of State-of-the-Art Three-Phase CRM/TCM

As discussed above, three-phase decoupled TCM results in decoupled phase operation and
modulation index limitation. The BCM algorithm for achieving soft switching, sinusoidal currents
and phase synchronization for Vienna Rectifier is very specific to the topology and it cannot be
directly extended to bi-directional topologies. Vienna Rectifier has a 3-phase diode bridge which
constitutes a major chunk in the losses. Due to the diode bridge, complete ZVS turn-on is also not
possible. Also, VR is a three-level topology which is more commonly used in high voltage (>1 kV)
high power application. The most common topology for a three-phase converter operating < 1 kV
DC bus voltage is a three-phase two-level converter.

Hence, TCM for two-level converters with phase synchronization and sinusoidal currents is
proposed for in the next few chapters of this dissertation. The core idea remains that for controlling
three sinusoidal phase currents, two independent control variables are required. Similar to the
timeline of this research, work has been published for three-phase two-level converters in [C.23]
and [C.24] with a similar fundamental of operating the converter in a combination of
DCM+CRM+Clamped mode, however the discussion in these publications is limited to unity
power factor. The difference between this work and the methods discussed in [C.23] and [C.24] is

that the methods proposed in this dissertation achieve complete ZVS turn-on of all the three phases
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(DCM, TCM and Clamped), thus minimizing the losses. [C.24] only discusses valley switching for
DCM phase which leads to significant losses at high switching frequency and also creates the issue
of switching time calculation which is very complex. The details are discussed in Chapter 3.
Further, in Chap. 4 and 5, the scope of this dissertation is expanded to reactive power control and

three-level converters.

1.4 Dissertation Outline

This dissertation is organized into six chapters.

Chapter 1 is the introduction of the research background. Today’s power and energy systems
have very high density (>50 W/in®) and efficiency (>99 %) requirements. Power electronics
systems were earlier driven by the target to achieve high efficiency, however with state-of-the-art
Si technology and hard switched CCM control, the current AC-DC and DC-AC converter systems
have already achieved ~99% efficiency at low switching frequencies (<30 kHz). Recently, the drive
has shifted to achieving high power density while maintaining the same efficiency. In today’s AC-
DC and DC-AC converter systems, most of the space is consumed by EMI filters, hence reducing
the size of filter can be instrumental in achieving high power density.

High frequency operation (> 300 kHz) leads to a size in reduction of EMI filters though it also
leads to an increase in switching losses thus compromising on efficiency. Thus, better control
methods are required for today’s power converters that enable soft switching for devices
specifically ZVS turn-on without adding to the physical complexity of the converter. The state-of
the-art control methods namely CRM and TCM have been discussed as these methods achieve soft
turn-on by enabling bi-directional current such that the anti-parallel body diode starts conducting
before the device is turned on.

Overview of state-of-the-art Triangular Current Mode control (TCM) for three-phase
converters is discussed. First, it is shown that when DC mid-point is connected to AC neutral,

single-phase TCM can be directly extended to three-phase operation. However, this kind of
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operation leads to decoupling of the three phases. Also, there is a limit to the maximum modulation
index this topology can achieve. Further, conventional critical mode control (CRM) is discussed
for a three-phase single switch boost PFC and it is shown how the issue of decouple phases can be
solved by operating the converter in a combination of DCM+TCM mode of operation. Though,
sinusoidal currents cannot be achieved by this method. In the last section of this chapter, sinusoidal
input current Boundary Conduction Mode control (BCM) is discussed for a Vienna Rectifier which
paves the way for sinusoidal line frequency currents. However, this method cannot be directly
extended to three-phase two-level converters. This gives the motivation to search for a new control
technique to achieve soft switching and sinusoidal currents for the common three-phase two-level
topology.

In Chapter 2, a new switching scheme, constant frequency TCM is proposed for a single-phase
PFC such that it achieves ZVS turn-on, sinusoidal mains current and constant switching frequency.
TCM is modified to achieve constant switching frequency by shaping the current ripple envelope
as the goal of this research is to be able to achieve ZVS turn-on for a three-phase converter without
adding any extra resonant components to the converter.

In Chapter 3, Triangular Current Mode (TCM) to achieve soft switching and phase
synchronization for three-phase two-level converters is proposed. It is shown how soft switching
and sinusoidal currents or resistive mains behavior can be achieved by operating the phases in a
combination of discontinuous conduction mode (DCM), TCM and clamped mode. The detailed
operation in one switching cycle with mathematical models governing the circuit operation is
discussed for both rectifier and inverter mode of operation. The whole line cycle is divided into 12
sectors, the voltages and currents mirrored after every thirty degrees owing to the three-phase
symmetry. Variation of conduction times in one sector is shown. Further, the whole line cycle
operation is discussed making use of the three-phase symmetry. A simple single core DSP

implementation is also proposed with average current control and zero crossing detection of
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currents. The relationship governing which phase operates in DCM, TCM or clamped mode of
operation is also discussed. The proposed algorithm is validated on a GaN converter and it is shown
how soft switching can be achieved for the phase operating in DCM mode resulting in zero turn-
on losses and lower CM noise. System efficiency of 99% is achieved with a power density of 110
W/in® at 300 V DC voltage, 0.7 kW power level at ~500 kHz switching frequency.

The discussion of TCM in current literature is limited to unity power factor assumption,
however this limits the algorithm’s adoption in commercial rectifiers and inverters. In commercial
applications, there can be reactive power requirement from the grid in case of inverters, as discussed
in Chapter 4. It is proposed in Chapter 4 that TCM algorithm discussed in Chapter 3 can be extended
to accommodate reactive behavior. It is proposed that the three phases can still operate in a
combination of DCM+TCM+Clamped modes of operation. To compensate for reactive power,
higher ripple needs to be injected in currents also resulting in higher conduction losses. Hence,
beyond a certain power factor, it is recommended to switch to hard-switched CCM. The algorithm
is validated on a GaN converter, final efficiency achieved is ~99% along with a power density of
110 W/in® at 300 V DC voltage and 0.7 kVA. ZVS turn-on is achieved for all the three phases.

In Chapter 5, proposed TCM+DCM-+Clamped control algorithm is extended to three-level
topologies, the switching sequence is modified to extract the advantage of reduced Common Mode
Voltage (CMV) switching states of the three-level topology, the switching frequency can thus be
pushed to 3 times higher as compared to state-of-the-art SVPWM control while maintaining close
to 99% efficiency. Two switching schemes are proposed, both have a very small switching
frequency variation of 6% as compared to state-of-the-art methods with >200% switching frequency
variation. The validation of the proposed algorithm is shown on a three-level NPC inverter.

Chapter 6 provides conclusions of the work with the summary of actions taken and the

directions for future work.
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1.5 Contributions

A new switching scheme is proposed which achieves constant switching frequency for a
single-phase converter operating in TCM mode, the envelope of the ripple is varied to maintain a
constant switching frequency. This research has been published in a peer-reviewed IEEE
conference paper. WBG devices are a promising candidate for high frequency operation owing to
their small conduction losses, to accurately analyze the devices’ parameters, detailed device
characterization is carried and the results are published in two peer-reviewed IEEE conference
papers.

TCM is further extended to three-phase converters such that the phases operate in a
combination of DCM, TCM and Clamped modes of operation, the switching frequency variation
with the proposed algorithm is just 34 % as compared to >100 % in decoupled TCM. All the phases
have complete ZVS turn-on, thus pushing the efficiency higher (99 %) and the common mode
noise lower. This algorithm is further extended to reactive power control which is required for
motor drives and grid connected inverters. A mathematical model for the proposed schemes is also
presented. This work has been awarded a patent and two peer reviewed IEEE conference papers
have been published. Further, a paper is being prepared for transactions on power electronics from
this research. A very simple single CPU DSP implementation of the proposed algorithm is also
presented.

The proposed DCM+TCM+Clamped operation is extended to three-level converters such that
it employs the benefit of lower CMV offered by the three level topologies. The maximum CMV
magnitude is reduced by 33 %. This improvement also reduces the switching frequency variation
to just 6%. Two switching schemes are proposed and both of them have been applied for patenting.
The switching schemes lead to a huge (6x) improvement in the power density of the three-level
inverter. This research has also been published in peer reviewed IEEE conference paper and a

paper is being prepared for transactions on power electronics.
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Chapter 2. Proposed Constant Frequency TCM for

Single-Phase Converters

Power factor correction (PFC) rectifiers form a very essential part of ac/dc/ac converter
systems. Efficiency close to 100% is required in PFC rectifiers. Single-phase conventional boost
PFC rectifiers consist of a diode bridge followed by boost converter. However, this topology
suffers from high conduction losses in the diode bridge. Basic bridgeless topology in [A.1]
eliminates the diode rectifier bridge which decreases the number of semiconductor devices thereby

decreasing the converter losses.

Totem Pole Bridgeless PFC rectifiers [A.2] further decrease the converter losses, however this
topology has two active switches and two diodes. The conduction losses can be further minimized
by using active switches instead of diodes as in H-bridge PFC [A.3]. The circuit schematic of H-

bridge PFC is shown in Fig. 2.1.
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Figure 2. 1 Single-Phase PFC Circuit Schematic

As discussed in the previous chapter, the most common modulation technique hard switched
CCM suffers from high turn-on losses which are reduced in CRM and completely eliminated in
TCM by ZVS turn-on. The technique used in these switching schemes is passing bidirectional

current in each switching cycle such that the body diode starts conducting before the device is
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turned on. However, switching frequency varies in CRM and TCM such that it is maximum when
the input voltage is minimum as shown in Fig. 2.2. This frequency varies with load and DC voltage
also. This also poses a challenge for the scheme’s extension to three-phase as all the phases will

operate at completely different switching frequencies simultaneously.
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Figure 2. 2 Switching frequency variation in CRM and TCM over half line cycle

2.1 Theory

The basic idea of constant frequency TCM lies behind making the frequency v/s time constant.
If we choose the minimum switching frequency of CRM and TCM as the operating switching
frequency of QCFTCM, it is desirable to decrease the switching frequency where it is maximum,

I.e. increase the switching period for that part of the mains cycle.

This can be achieved by increasing the reverse current to increase the time period but if the
reverse current is increased, the peak current has to be increased accordingly to maintain the same

average current as shown in Fig. 2.2.
2.1.1 Mathematical Model

The equations to shape the current ripple are given by:
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1.1 2LPo |Vn|
Tom=—= (— - 30
' 2 ( fsw " Vinrmsz) 2 fsdec ( )
1,1 2LPo,  |wi
Tone=—= (—-— - 31
’ ( fsw Vinrms2 ) 2 fsdec ( )
Toffl = Vdc _ |Vn | Tonl (32)
Vil
Totr2 = \LM'TW (33)
Vil
In = —V—L“TRV (34)
|peak = V—LnTon (35)

The QCFTCM control is derived from CRM, in CRM the auxiliary switch is turned off after
the current reaches zero. In QCFTCM, zero current is detected and after ZCD a variable delay of
Toff2 IS given to turn off the auxiliary switch. In CRM, the main switch conducts for a constant on-
time while in QCFTCM, the main switch conducts for a variable on-time equal to the sum of Tonz

and T0n2.

’L peakl

QCFTCM

Figure 2. 3 Inductor current for one switching cycle in TCM and QCFTCM

2.1.2 Verification by Simulation

Variation of Ton and Tryover full line cycle is shown in Fig. 2.4(a). The simulated phase

current is shown in Fig. 2.4(b).
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Figure 2. 4 (a) Variation of Ton and Try for full line cycle and (b) Simulated inductor

current for Vaerms: 115V, Vae: 270 V, Po: 3.3 kKW, fi: 400 Hz, fs: 1 MHz

2.1.3 QCFTCM and Pulse Width Modulation (PWM)

QCFTCM is derived from CRM but since it is a quasi-constant frequency modulation it is

important to find similarities and differences between QCFTCM and PWM. The duty ratio in

QCFTCM is given by:

d :Ton1+Ton2 :1_m (36)
T Vdc

S

When the same duty ratio is applied in left aligned constant frequency carrier based PWM, it is

expected to give same results as QCFTCM. Though, on further analysis of the inductor current, it

can be seen that both result in different inductor currents and different average currents as shown

in Fig.2.5(a) and (b). The inductor current spectrums look similar but on viewing closely, it can be

43



seen that in QCFTCM the switching frequency varies in a small range around 1MHz while in

PWM only the switching frequency and it’s harmonics are present as shown in Fig. 2.6(a) and (b).
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Figure 2. 5 (a) Inductor current for one line cycle in (a) QCFTCM (b) PWM for Vaerms: 115V,

V. 270 V, Po: 3.3 KW, fi: 400 Hz, fs: 1 MHz
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Figure 2. 6 Inductor current spectrum for (a) QCFTCM (b) PWM

This is due to the presence of second order harmonics in output DC voltage Vg of PFC while
in caculations Vqc is assumed to be constant. As control methods of QCFTCM and PWM are
different, this ripple has different effects on inductor current in both of them. This change in DC
voltage will affect the falling slope of inductor current. In QCFTCM, since inductor current zero
crossing is detected to control the current, the envelope of the current ripple cannot change and the
duty ratio adjusts itself to generate sinusoidal currents. Hence, in QCFTCM there is a jitter in
switching frequency around 1 MHz as shown in Fig.2.6(a).

In PWM, since there is a constant frequency carrier wave, the DC voltage ripple changes the
envelope of the current ripple thereby changing the average current as shown in Fig. 2.5(b).
Morover, in PWM the switching frquency harmonics are very clear and prominent while in
QCFTCM they are distributed over a range of frequency around the switching frequency and a
single frequency component is not that prominent.

Thus, this modulation is called Quasi-constant frequency TCM as thereotically, the switching
frequency should be constant but in simulation a small jitter around the switching frequency is
observed. Furthermore, PWM cannot be used for achieving sinusoidal current and soft switching
operation simultaneously as it does not give the desired average inductor current while QCFTCM
compensates for the DC voltage ripple by continuosuly compensating the conduction times and

switching frequency. Achieveing constant switching frequency and ZVS turn-on paves the way to
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the goal of this resaerch which is to propose TCM for three-phase converters with phase

syncronization.
2.2 Control Implementation

A straightforward way of implementation is to start the switching cycle from Zero Crossing
Detection (ZCD) of inductor current and then use pre-calculated switching times Tr and Trv+Ton
for the turn-off of the auxiliary device and the turn-on off main device respectively. However, the
use of pre-calculated times can lead to distortion due to non-idealities not considered in the model
(as discussed in [A.8]) such as dead-time effect, controller-switch delay etc., hence closed loop
control implementation using average current controller is proposed in [B.42] for CRM.

In CRM, Ton is generated using average current controller. QCFTCM can be implemented in
a similar way with the only difference that a pre-programmed variable delay Tr is given after ZCD
of inductor current i. and the on-time of device Si2 (Trv+Ton) is generated from the compensator
as shown in Fig. 2.7. Thus, these two control variables, Tr and Trv+Ton are used to control the two

outputs- constant switching frequency and average inductor current respectively.
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Figure 2. 7 Closed loop Implementation for QCFTCM using average current control

2.2.1 Verification by Simulation

The simulated phase current with the above implementation for Vaems: 115 V, Vge: 270V,

Po: 3.3 kW, fi: 400 Hz, f: 1 MHz is shown in Fig. 2.6.
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Figure 2. 8 Simulated inductor current for Vaems: 115 V, Vc: 270 V, Po: 3.3 kW, fi: 400 Hz,

fs: 1 MHz
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2.3 Efficiency and EMI Noise Comparison

Based on analytical loss model and simulation, a loss comparison is shown below. The
converter specifications for each modulation are shown in Table 2.1. The loss comparison is shown
in Fig. 2.9. A key point to note is that in hard switching conditions in CCM, the turn-on losses are
much higher (due to reverse recovery process of body diode of auxiliary switch) than turn-off
losses which necessitates the need of soft switching turn on. The turn off losses are almost

independent of current during the entire range of operation and very low as compared to the turn-

on losses.

CRM TCM CFTCM
Vinrms 115V 115V 115V
Po 3.3 kW 3.3 kW 3.3 kW
ILrms 28.7 A 28.7 A 28.7 A
Ve 2710V 270V 270V
L 0.8 pH 0.74 pH 0.74 pH
fow 1-2.5 MHz 1-2.5 MHz 1 MHz

Table 2. 1 Converter Specifications
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Loss(W)

Figure 2. 9 Loss Comparison of CRM, TCM and QCFTCM

EMI noise measurement method discussed in this paper is based on the procedure discussed

in [A.9]. This procedure is based on the analysis of conducted EMI problems and the use of an
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EMI diagnostic tool-noise separator. The noise separator is used to separate differential-mode
(DM) and common-mode (CM) noise which greatly simplifies the filter design process. Fig.
2.10(a) shows the setup diagram of a typical conducted EMI measurement. The line impedance
stabilizing network (LISN) required in the measurement contains inductors, capacitors and 50Q
resistors as shown in Fig. 2.10(b). The noise current that flows through these resistors, expressed
in frequency ranging from 150 KHz to 30 MHz for DO-160E limit, is by definition the conducted
EMI. The noise current, flowing through the 50Q resistors contains both common-mode (CM)

noise and differential-mode (DM) noise. The DM current (ipm) and CM current (icm) are given by:

i +i,
2

_|2

2

_|h

(37)

IDM ! ICM

where i1 and iz are the currents flowing through the 50Q resistors as shown in Fig. 2.10(c).
The CM current flows through the parasitic drain-to-gate capacitance (Cpg) of the GaNFETSs

whose value is approximately equal to 2 pF.
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Figure 2. 10 (a) Test setup for conducted EMI measurement (b) Equivalent circuit of LISN (c)

Circuit schematic for measurement setup

The simulated noise spectrum for CRM and CFTCM is shown in Figs. 2.11 and 2.12
respectively. As CRM and TCM current ripple is similar, TCM noise spectrum is not shown. As

expected, the DM noise of CFTCM is larger owing to high ripple in the current.
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Figure 2. 11 Simulated EMI noise for CRM (a) Base line CM Noise (b) Base line DM Noise
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Figure 2. 12 Simulated EMI noise for CFTCM (a) Base line CM Noise (b) Base line DM Noise
2.4 Summary
Since CRM control leads to variable switching frequency, in this chapter it is modified to
achieve constant switching frequency by shaping the envelope of current ripple accordingly. The
current has higher negative and positive current peaks leading to larger ripple. This technique has
ZV/'S turn-on during the entire mains period which results in lower switching losses. However due
to higher current ripple, QCFTCM has 67 % more conduction losses at 270 V DC voltage and 3.3
kW power level.
The efficiency achieved in QCFTCM is higher than that of CRM but lower than TCM for
GaN 650 V/ 30 A devices. Since QCFTCM has higher current ripple, it requires a larger DM filter
but interleaving can be considered to solve this issue as perfect ripple cancellation can be obtained

in quasi constant frequency case. Further, QCFTCM can be extended to three-phase systems.
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Chapter 3. Proposed TCM for Three-Phase Two-Level

Converters: Unity Power Factor

As discussed in the previous chapters, due to high turn-on losses, efficient high frequency
operation necessitates soft turn-on. In earlier chapters, it was mentioned how ZVS turn-on can be
achieved by pulling current in both directions such that the body diode anti parallel to the device
starts conducting before the device is turned on. Thus, the current has high frequency triangular
ripple, hence this control is called Triangular Current Mode (TCM) control. The ripple has to be
maintained such that the average current is sinusoidal.

In state-of-the-art TCM control for three-phase two-level converters, if phase synchronized
operation is maintained, the average currents are not sinusoidal as discussed in Chapter 1. In case
of unity power factor, the average current has to be in phase with the voltage with a distortion
factor of >0.99. However, conventional CRM with phase synchronization is unable to generate a
sinusoidal waveform, it is shown in Chapter 1 how conventional CRM is modified in a VIENNA
Rectifier in [C.21] by adding another switching state in the switching cycle. This switching state
pulls the DCM current higher adding a required second degree of freedom to control two phase
currents. Hence, TCM with phase synchronization and average sinusoidal currents is proposed in
this chapter for two-level converters running in rectifier and inverter mode. The converter topology
is shown in Fig. 3.1.

A combination of CRM+DCM leads to phase synchronization, in unidirectional topologies in
each sector one phase operated in DCM and two operate in CRM. It is shown in this chapter how
one of the phases can be clamped in bidirectional topologies saving on the turn-off losses. Thus
the converter is proposed to operate in a combination of TCM+DCM+Clamped modes of

operation.
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Figure 3. 1 Three-phase tw- level converter operating in (a) rectifier mode (b) inverter mode

The concept of operating the converter in a combination of CRM+DCM+Clamped modes is also
introduced in research published in similar timeline [C.23]. However, the discussion in these
publications is limited to unity power factor. The difference between this work and the methods
discussed in [C.23] and [C.24] is that the methods proposed in this dissertation achieve complete
ZVS turn-on for both DCM and TCM phase, thus minimizing the losses. [C.24] only discusses

valley switching for DCM phase which leads to significant losses at high switching frequency and
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also creates the issues of accurate dead time calculation and modeling of the converter considering
all non-idealities.

3.1 Rectifier Mode

The circuit schematic of a three-phase two-level boost PFC is shown in Fig. 3.1. The currents
flowing out of the grid are considered positive, the basic theory for achieving soft switching and
sinusoidal currents is discussed below. The basic principle behind achieving soft switching
remains the same as in single-phase converter, to allow the body diode to conduct before the device
is turned on by pulling current in negative direction. However, for achieving sinusoidal currents

in all the three phases, as mentioned previously two independent control variables are required.

1]
Sas SEII SEII]

v _B _fi

Figure 3. 2 Circuit Schematic of three-phase six-switch two-level boost PFC

3.1.1 Theory
The line cycle can be divided into twelve sectors (like in conventional CRM discussed in Chap.
1) as shown in Fig. 3.3, where in each sector, the voltage direction and relative magnitude of the

three-phase input voltage is same. The input voltages are given by:

v, =V, sin(wt) (38a)
v, =V, sin(wt —27/3) (38b)
v, =V_ sin(et +27/3) (38c)
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Figure 3. 3 Line cycle divided into twelve sectors

One switching cycle waveform in sector I (0<wt<m/6) is shown in Fig. 3.4. Each switching cycle
can be divided into 9 intervals including the dead times. The input voltages are assumed to be
constant for one switching cycle as the switching frequency (fsw) >> line cycle frequency (fi). The

detailed operation in each interval is discussed below.
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Figure 3. 4 One switching cycle waveform for proposed TCM in Sector |

Interval | (0-T1)
During interval I, Sa2, Se2, Sc2conduct, i.e. all the phases are connected to N point of the DC bus,
the phase currents increase directly proportional to respective phase voltages. The equivalent

circuit is shown in Fig. 3.5, the phase currents’ slopes are given by:
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di, /dt=v, /L (39a)

di, /dt =v, /L (39b)

di, /dt=v, /L (39¢)

Figure 3. 5 Equivalent circuit in Interval |

The peak currents are given by:

iy =V, T,/ L (40a)
Iy =V, T, / L (40b)
i =V,T, /L (40c)

After ic reaches icp1, Sc2 is turned off as shown in Fig. 3.4. Since the magnitude of phase A voltage
(va) is minimum in sector 1, ia reaches least peak value in magnitude (iap1).

Interval Il (T1-Ta1+tg1)

After Sc» is turned off, resonance occurs in between phase C devices’ output source capacitors
(Coss) and L¢ as shown in Fig. 3.6. By the end of this interval, Vasco reaches Vo and Vasc1 reaches 0
(as shown in Fig. 3.4), the body diode of Sc: starts conducting and the switch can be turned on at

oV.
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Figure 3. 6 Resonance between device output source capacitors and inductors during Interval 1

Interval 1 (T1+tgr-T1+ta1+T2)
At the beginning of interval 111, Sc1 is turned on, thus ia continues to increase. The equivalent

circuit is shown in Fig. 3.7. The phase currents’ slopes are given by:

di, /dt = (v, +V, /3)/L (41a)
di, /dt = (v, +V, /3)/ L (41b)
di /dt=(v, -2V, /3)/L (41c)

The peak currents are given by:

i, =i+ % (v, +V. /3T, (42a)
1

lop2 = Iy +E (v, +V, /3)T, (42b)
o =i+ % (v, —2V. /3T, (42¢)

After ia reaches iap2, Sa2 is turned off as shown in Fig. 3.4.
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Figure 3. 7 Equivalent circuit in Interval 111

Interval IV (T1+tg1+T2- Ti+tar+To+ta2)

After Saz is turned off, resonance occurs in between phase A devices’ output source capacitors
and La as shown in Fig. 3.8. By the end of this interval, Vusa2 reaches Vo and Vgsa1 reaches 0 (as

shown in Fig. 3.4), the body diode of Sa: starts conducting and the switch can be turned on at 0 V.

| P
Scq
CO .,va
= gRa
L -
4 N

Figure 3. 8 Resonance between device output source capacitors and inductors during Interval 1V

Interval V (T1+tgi+To+tg2- Tit+gi+To+ta+T3)

At the beginning of interval V, Sa1 is turned on at 0 V. Thus i, starts to fall, the equivalent circuit
is shown in Fig. 3.9, the phase currents’ slopes are given by:

di, /dt=(v, -V, /3)/L

(43a)
di, /dt=(v,+2V,/3)/L (43b)
di, /dt=(v,-V,/3)/L (43c)
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Figure 3. 9 Equivalent circuit in Interval V

The peak currents are given by:

] ) 1
lps = Ippy + m (v, +2V, /3)T, (44a)

iCp3 =1y, +%(vC -V, /3)T, (44Db)

Since in sector | the magnitude of va is minimum, i, reaches 0 first and this interval ends when
Ia reaches zero, Saz is turned off at the end of Interval V.

Interval VI (Ti+ta1+To+ta2+Ts- Tittar+To+tae+Ta+T4)

In this mode, Sg2 and Sci conduct, the equivalent circuit is shown in Fig. 3.10. The phase
currents’ slopes are given by:

di, / dt =—di_ /dt = (V,+v, —v,)/ 2L (45)

Figure 3. 10 Equivalent circuit in Interval VI

Thus ic falls to zero during this interval, this interval ends when ic reaches zero.

Interval VII (Ti+tar+To+tao+Ta+Ta- Tittar+To+tao+Ta+T4+Ts)

In CRM, the device is turned off right after the current reaches zero, however in TCM a small
negative current is allowed for full ZVS as discussed in Chapter 1. After ic reaches 0, Scz is allowed
to conduct for a little more time till ic reaches a negative value Iz which is enough to discharge the
phase C devices’ output source capacitors for ZVS turn-on of Sco. The equivalent circuit is the
same as in Interval V1. At the end of this interval, Sc: is turned off. The peak negative current Ir

is given by:
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Vv, +v, —V.)T;
|, =—>9 5 ¢/ 5 46
R oL (46)

Interval VI (T1+Htg1+To+tao+Ta+Ta+Ts- Ti+tgr+To+ta+Ta+Tat+ Ts+tas)

After Sci is turned off, resonance occurs in between phase C devices’ output source capacitors
and L. as shown in Fig. 3.11. By the end of this interval, Vgsc1 reaches Vo and Vgsc2 reaches 0 (as
shown in Fig. 3.4), the body diode of Sc> starts conducting (as ic<0) and the switch can be turned

onatOV.
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Figure 3. 11 Resonance between device output source capacitors and inductors during Interval
VI

Interval IX (Ti+tar+To+tao+Ta+Ta+Ts+tas- Tittar+To+tg+Ta+ Ta+Ts+tgs+Te)
At the beginning of Interval IX, Scz is turned on (as shown in Fig. 3.4), the equivalent circuit is
shown in Fig. 3.12. The phase currents’ slopes are given by:

di, /dt =—di_ /dt = (v, —v,)/ 2L 47)

Figure 3. 12 Equivalent circuit in Interval IX

The peak negative current Ir is given by:

I :% (48)
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Thus ic starts to increase again and this interval ends when ic and i, reach zero and a new
switching cycle starts form here.
As the switching cycle times depend on phase voltages which vary during line cycle, the

switching frequency varies in TCM.
3.1.2 Mathematical Model

While calculating the switching times, ideal devices are considered, dead times are neglected for
average current calculation as they are very small (<0.01 %) as compared to the switching times.
The current ripple caused by parasitic capacitors is also neglected for switching times calculation
as a model including the effect of parasitic capacitors on average currents is very complex.

Ts and T, calculated from (46) and (48) are given by:

=21.L
T =-—— “R= 49a
° (V0+Vb_vc) ( )
21.L
T = R 49b
° (Vb_vc) ( )

Tz and T4 can be derived in terms of T1 and T2 derived from the following equations:

s (v, -V, /3)T, =0 (50a)
o + % WT“ -0 (50b)

Where iap2 and ipp3 are derived using Eqgns. (40), (42) and (44). Thus T1 and T2 can be derived

from average current equations:

. T T,
. Ia 21 +(Iap1 +Iap2) 2 +Iap2 2
Iaavg = Z -I-i = klva (513.)
iel-6
T A PO, A PO T, +T
) bop1 El + (lppy + 'bpz)z2 + (lpp +lps) ?3 IbpS —l(>2)
Ibavg = Z T + Z T - klvb (51b)
icl-6 iel-6
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Where ki is given by:
k,=2P /3V} (51c)
Po- Output Power

Vm- Peak phase input voltage

V, =2V, (52)
Vrms- RMS of input phase voltage

From the above equations, the switching times T1 and T» are calculated as:

T, =2Lk, (53a)

 21,L+ 2Lk, (v, +2v,)

T2
V, +2V,

(53b)

The switching times for a 1.2 kW, 400 V Vo, 115 Vinms, fs~ 1IMHz, L= 4 pH are shown in Fig.
3.13. The inductance is chosen to obtain the desired minimum switching frequency. Minimum Ir

for ZVS turn-on is calculated as -1 A.

0.8

0 0.05 0.1 015 0.2
t(ms)

Figure 3. 13 Switching times 1.2 KW P, 400 V Vo, 115V Vinms, L~ 4 pH

3.1.3 Full Line Cycle Control

As mentioned above, after every 30°, the operation is repetitive, hence the same formulae can be
used after every 30° by replacing the phase that operates in DCM, TCM and clamped mode. The
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decision of mode of operation for each phase is based on the relative magnitude of average
currents. For unity power factor, the relative magnitude of required average currents and phase
voltages is the same. The average phase currents can be denoted as |iav|min, |iav|med and |iav|max Where
the relationship between these voltages is defined as:

>|i > |i (53)

[0 M Y M

The following modes of operation are assigned as per the relative absolute value of average phase
current:

[iav|min—DCM

[iav|med—TCM

|iav|max—Clamped

The phase with maximum current is clamped similar to clamped SVM technique to minimize
the losses.

Since in sector I,

Phase A— |iav|min

Phase B— |iav|max

Phase C— |iav|med

Hence, phase A operates in DCM, phase B is clamped and phase C operates in TCM. As

mentioned above, this relative relationship changes after every 30°, so does the phases operating

in DCM, TCM or clamped mode of operation. The full line cycle control is shown in Fig. 3.14.
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DCMV mClamped to N mClamped to P STCM

Figure 3. 14 Full line cycle control showing control symmetry after every 30°

The total switching cycle time (Ts) is given by:

T.=>T (54)

icl-6
The switching frequency (fs) is given by:
f,=1/T, (55)

The switching frequency variation for 0-60° is shown in Fig. 3.15. The graph is symmetrical

after every 30°.

0-60°

0 005 01 015 02 025 03 0.&35 0.4
t(ms)

Figure 3. 15 Switching frequency variation for 1.2 KW P, 400 V V,, 115 V Vinms, L~ 4 pH
3.1.4 Verification by Simulation
The converter is simulated from pre-calculated switching times (T1, T2, T3, Ts and Tg). Tsis not
pre-calculated, the end of T4 is detected by zero crossing of TCM phase. The simulated phase
currents are shown in Fig. 3.16, ideal devices are considered in this simulation. The zoomed in

66



waveforms in sector I are shown in Fig. 3.17. It is shown how ZVS turn-on is achieved by driving

the current negative.

-10]

29 3 3.5 4 4;5 5
t(ms)

Figure 3. 16 Simulated phase currents for 1.2 KW P, 400 V Vo, 115 V Vinms, L~ 4 pH

(A)
(A)

400 Vieco 400 Viscz
> 200 S 200
0 vdsC 0 vds
S S,
1.0 c! 1.0
0-5 1 | 005 1
S Sc2 ‘
0.0 c2 0.0
380 3.90 4.00 x 1e-5 1.060 1.070 1.080 x1le-4
t(s) t(s)
(a) (b)
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Figure 3. 17 Zoom in current and gate signal waveforms showing ZVS turn-on for TCM phase

in (a) beginning (b) middle and (c) end of sector |

The loss breakdown comparison between CCM at 68 kHz and proposed TCM+DCM-+Clamped
algorithm at 1 MHz is shown in Fig. 3.18. As compared to state-of-the-art Si three-phase converters
operating in CCM at ~50 kHz, there is a ~2.5 times increase in power density as the filter size is

reduced by 60 %. Thus TCM achieves high density while maintaining the same efficiency.

Loss Breakdown @ 1.2 kW

15
210
a
3 5
0 -
Cond. Turn-on Turn-off
CCM @ 68 kHz
" TCM @ 1 MHz

Figure 3. 18 Loss Breakdown Comparison of CCM at 50 kHz and TCM+DCM+Clamped at 1

MHz at 1.2 KW Py, 400 V Vo, 115 V Vinms
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3.2 Inverter Mode

TCM for converter operating in rectifier mode is discussed above. However, a bidirectional
converter operates in both inverter and rectifier mode. In inverter mode, power gets transferred
from DC-AC. Solar panels connected to grid and motor drives operate converter in inverter mode
for most of the time. The schematic of a three phase two level inverter is shown in Fig. 3.19. It is
to be noted that here, the currents flowing into the grid are taken as positive unlike for a rectifier,

the current flowing out of the grid is taken as positive.

P
SAl Sgll SEI
ii} N Ve
—_ L Ly v,
mt—— Y n
Vil [e« L, O
Saz Sg Se fe
N

Figure 3. 19 Circuit schematic of three-phase six-switch two-level inverter

The basic theory for achieving soft switching and sinusoidal currents with
TCM+DCM+Clamped algorithm is discussed below. The basic principle of achieving soft
switching remains the same as in single-phase converter, to make the body diode conduct before

the device is turned on by pulling current in negative direction.
3.2.1 Theory

The line cycle can still be divided into 12 sectors (similar to rectifier mode) as shown in Fig. 3.3,
where in each sector, the voltage direction and relative magnitude of the three-phase input voltage
is same. The input voltages are given by Eq 38.

One switching cycle waveform in sector I (0<wt<m/6) is shown in Fig. 3.20. Each switching

cycle can be divided into 6 intervals, the detailed operation during dead time is not discussed for
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the sake of brevity. The input voltages are assumed to be constant for one switching cycle as the
switching frequency (fsw) >> line cycle frequency (fi). The detailed operation in each interval is

discussed below.

A | } | } L ] -

P i |::

S, I 1 H
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Figure 3. 20 One switching cycle waveform for TCM in inverter in Sector | for case a: when i,

reaches 0 before ic reaches peak value icps.

Interval 1 (0-Ty)
During interval I, Sa1, Sg2, Sc1 conduct leading to increase in ia and ic, the equivalent circuit is

shown in Fig. 3.21, the phase currents’ slopes are given by:

di, /dt=(V, /3-v,)/L (56a)
di, /dt = (-2V,, /3-v,)/ L (56b)
dip /dt = (V, /3-v,) /L (56¢)
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The peak currents are given by:

(Vdc /:')’_Va)-l-l

oy = C (57a)
-2V, [3-v,
oy = %Tl (57b)
/3-v
Icpl = MTI (57C)

After ia reaches iap1, Sa1 is turned off as shown in Fig. 3.20.

Vogm, |
N
Q

a

Figure 3. 21 Equivalent circuit in Interval |

Interval Il (T1-T1+T2)

After Sa1 is turned off, resonance occurs in between phase A devices’ output source capacitors
(Coss) and La, Because of this resonance, Vgsa1 reaches Vgc and Vasaz reaches 0, the body diode of
Sa2 starts conducting and the switch can be turned on at 0 V. After Sa2 is turned on, ia starts to

drop. The equivalent circuit is shown in Fig. 3.22, the phase currents’ slopes are given by:

di, /dt = (-V,, /3-v,)/L (58a)
di, /dt =(-V, /3-v,)/L (58b)
di, /dt=(2V,, /3-v,)/L (58¢)
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Figure 3. 22 Equivalent circuit in Interval 11

Interval 11 can end in two cases. The first one when current i, reaches zero (11a), the second one
when ic when reaches peak current icp2 before ia reaches 0 (11b). I1a happens near the beginning of
sector | when va is relatively small and I1b happens near the end of sector | when va is comparable
to vc. Both the cases are discussed below.

Interval lla

When i5 reaches 0 before ic reaches peak value icp2, the peak currents are given by:

. . 1
lop2 = lpp1 T E (Vg 13=V,)T, (59a)

=i +%(2de 13-v,)T, (59b)
This interval ends when i, reaches 0. After ia reaches 0, Sa2 is turned off as shown in Fig. 3.20.

Interval 11b

When i reaches peak value icp2 before ia reaches 0, the peak currents are given by:

iapZ = iapl + % (_Vdc /13- Va )Tz (60a)
. . 1

lop2 = lpp1 T L (Vee 13=V,)T, (60b)
isz = iCpl + % (2V,, 13-V)T, (60c)

One switching cycle with currents and gating signals for this case is shown in Fig. 3.23. This
interval ends when ic reaches peak value icp2. After ic reaches peak value icp2, Sci is turned off as

shown in Fig. 3.23.
72



[
Sa1 I I L1
1 I Bl

551 : : :“
I I |||

“ I T
.

] ] i : |ii
11 I 111

1 [ L1l

3 I I 1
| 1. | I |

it

0 1
i 11t
: 1

"1 et

|' b1
LF 121 T3| 4 IT“T
5 6

Figure 3. 23 One switching cycle waveform for TCM in inverter in Sector | for case b: when i

reaches peak value icp, before i, reaches 0.

Interval llla (T1+T2- T1+T2+T3)

Saz is turned off at the beginning of Interval Illa as shown in Fig. 3.20, Sg> and Sc1 continue to
conduct. The equivalent circuit is as shown in Fig. 3.24, the phase currents’ slopes are given by:

di, /dt =—di_/dt=(-V, +Vv,—v,)/2L (61)

When ic reaches icps, Sci is turned off as shown in Fig. 3.20, this marks the end of Interval Illa.

The peak currents are given by:

] : 1
lops = lpp2 T oL (Ve +Ve = V)T, (62a)

. . 1
Icp3 = Icp2 + Z(vdc -V +Vb)T3 (62b)
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Figure 3. 24 Equivalent circuit in Interval Illa

Interval H1b (T1+T2- T1+T2+T3)

After Sci is turned off at the end of Interval Ilb, resonance occurs in between phase C devices’
output source capacitors (Coss) and phase inductor L¢, Because of this resonance, Vasc1 reaches Vac
and Vasc2 reaches 0, the body diode of Sc2 starts conducting and the switch is turned on at 0 V.
After Sc is turned on, ic starts to drop and ia continues to drop as shown in Fig. 3.23. The equivalent

circuit is shown in Fig. 3.25, the phase currents’ slopes are given by:

di, /dt = (-v,)/L (63a)
di, /dt = (~v,)/ L (63b)
di, /dt = (-v,)/L (63¢)

Figure 3. 25 Equivalent circuit in Interval I11b

This interval ends when ia reaches 0. When ia reaches 0, Sa is turned off as shown in Fig. 3.23,

this marks the end of Interval I11lb. The peak currents are given by:

. . 1
Ibp3 = Ibp2 + E (_Vb )TS (643.)

=i +%(—vc T, (64b)

3 = lep2
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Interval IV (T1+T2+T3- T1+T2+T3+T4)

After Sci is turned off at the end of interval Illa, resonance occurs in between phase C devices’
output source capacitors (Coss) and Lc like in the beginning of interval Illb. Because of this
resonance, Vgsc1 reaches Vgc and Vasc2 reaches 0, the body diode of Sc2 starts conducting and the
switch is turned on at 0 V. Since Sc; is already on at the beginning of interval 111b, ic continues to
drop in interval IV after interval I11b. Hence, whether the currents follow case a or b (Fig. 3.20 or
Fig. 3.23), from interval 1V, the waveforms follow the same sequence. When Sc2 and Sg2 conduct
(the equivalent circuit is shown in Fig. 3.26), ic drops, the phase currents’ slope is given by:

di, /dt=—di_/dt=(v,—Vv,)/2L (65)

This interval ends when i reaches 0.

Figure 3. 26 Equivalent circuit in Interval IV

Interval V (T1+ To+ T3+Ta- Tot To+ Ta+T4+Ts)

After ic reaches 0, Sc: is allowed to conduct for a little more time till ic reaches a negative value
Ir which is enough to discharge the phase C devices’ output source capacitors for ZVS turn-on of
Sci. The equivalent circuit is the same as in Interval 1V. At the end of this interval, Sc> is turned
off. The peak negative current Ir is given by:

= ;\CC)TS (66)

Interval VI (T1i+ To+ Ta+Ta+ Ts - To+ To+ Ta+Ta+ Ts+Te)

After Sc» is turned off, resonance occurs in between phase C devices’ output source capacitors
and Lc, thus Vgsc1 reaches Vgc and Vasc2 reaches 0, the body diode of Scy starts conducting (as ic<0)
and the switch is turned on at 0 V. The equivalent circuit after is shown in Fig. 3.24. The phase

currents’ slopes are given by Eq. 65.
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The peak negative current Ir is given by:

(Vd +Vb_v)|6
I c Cc 67

Thus, ic starts to increase again and this interval ends when ic and iy reach zero and a new

switching cycle starts form here.
3.2.2 Calculation of Conduction Times

While calculating the switching times, ideal devices are considered, dead times are neglected for
average current calculation as they are very small as compared to the switching times. Ts and Te
are calculated from (66) and (67) for a given Ir. For a part in the beginning of sector I, case a is
followed and after a certain degree depending on the relative magnitude of DC and phase voltages,
case b is followed.

Case A

For case A, T2 and T4 can be derived in terms of T; and Ts from the following equations:

+= (de/3 v,)T, =0 (68a)

apl

1(ve—V)

s + 7T, =0 (68b)

Where iap1 and inp3 can be derived using Eqgns. (57), (59) and (62). Thus T1 and T3 can be derived

from average current equations:

. L +T
. |ap1( ! 2 2 ) k (69 )
| =— £ —KV .

aavg Ti 1Va
i;e

. T . LT . A PR
. Ibpl El + (Ibpl + Ipr) EZ + (Ibpz + Ibp3) ?3 Ibp3
| =k, (69b)

bavg = z Ti

iel-6
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Case B
For case B when DCM phase conducts for 3 switching states, Tz and T4 can be derived in terms

of T1 and T from the following equations:

+— (v )T, =0 (70a)

ap2

1(v.—V,)
oo+ T

T,=0 (70b)

Where iap1 and inpz can be derived using Eqgns. (57), (60) and (64). Thus T1 and T> can be derived

from average current equations:

. T T,
A Ia 21 + (Iapl + Iapz) 2 + Iap2 2 k 71
| = V, a
asng ST (71a)
iel-6
T . (T . R PO T+ T,
. Ibpl El + (Ibpl + Ibpz) EZ + (Ibpz + Ibps) 53 Ibp3 =1 ( )
oy = Z = + Z T =k, (71b)
iel-6 icl-6

The switching times for a 1.2 kW, 400 V Vqc, 115 Vinrms, fs~ IMHz, L= 4 pH are shown in Fig.
3.27. The inductance is chosen to obtain the desired minimum switching frequency. Towards the
end of the sector, T3 touches 0, that is the point where the switching sequence transitions from a to
b. Irissetas-1 A, the same as in rectifier mode, however, later it is found that a very small negative

current is required for full ZVS turn-on in inverter mode.

x10~
7

6 T3
5h Ty

e

\X

t(s)

NU)

2
t(s) %10

Figure 3. 27 Switching times for 1.2 KW P,, 400 V V¢, L~ 4 pH, 115 V Vaerms
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The full line cycle control and the decision of DCM, TCM and Clamped mode of operation is
the same as in rectifier mode form Fig. 3.14. The phase with the minimum absolute average current
is in DCM, the phase with maximum absolute average current is clamped and the third one operates
in TCM. The switching frequency variation from 0-60° is shown in Fig. 3.28. The variation is
symmetric after every 30°.

x10°
13-

1.25- =

fs(Hz)

0 1 2 3 4
t(s) %10

Figure 3. 28 Switching frequency variation for 1.2 KW Py, 400 V V¢, L~ 4 puH, 115 V Vaerms
3.2.3 Verification by Simulation
The converter is simulated from pre-calculated switching times (T1, T2, T3, Ts and Te) and zero
current detection (ZCD) of TCM phase. The simulated phase currents are shown in Fig. 3.29, ideal
devices are considered in this simulation. The zoomed in waveforms in sector | are shown in Fig.
3.30. The estimated loss breakdown is similar to that of a rectifier a shown in Fig. 3.17 as the peak

currents are very similar.
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Figure 3. 29 Simulated phase currents for 1.2 KW P, 400 V V¢, 115 V Vinms, L~ 4 uH,

inverter mode
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Figure 3. 30 Zoom in current and gate signal waveforms showing ZVS turn-on for TCM phase

in (a) beginning (b) middle and (c) end of sector |

3.3 Control Implementation

The times shown above are calculated for ideal devices (neglecting the effect of Coss and L
resonance ripple on average current). This causes distortion in average current when the above
switching times are used with device parasitics. The switching waveforms without and with Coss
are compared in Fig. 3.31. It can be seen that Coss can cause significant ripple especially in DCM
phase. This ripple affects the average currents such that the simulation becomes unstable in the
middle of sector I. The model considering the effect of this ripple on average currents is very
complex, hence to solve this issue, feedback control is required such that the average current
follows the desired sinusoidal reference. Feedback controllers controlling average current can be

used like in [B.42].
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Figure 3. 31 Phase currents ia, ir and ic (a) with ideal devices and (b) considering Coss

The closed loop implementation is shown in Fig. 3.32. The grid voltages’ phase is measured with
phase locked loop (PLL) and average sinusoidal currents are generated. Based on the relationship
in Eq. 53, the controller assigns a mode of operation (DCM, TCM or clamped) to each phase. Also,
if the phase with the maximum absolute value has positive current, it is clamped to P and if the
current requirement is negative, the phase is clamped to N as shown in Fig. 3.32. Here, T1 and T3
denote the conduction times of Sa1 and Sci respectively in one switching cycle. Based on Eq. 53
and Fig. 3.33, the controller divides the ia, ib, ic phase currents into ipcwm, itcm and ici as shown in

Fig. 3.34.
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Figure 3. 33 Full line cycle operation showing assignment of DCM, TCM and Clamped mode

of operation

82



a

i
5.0

4.5
4.0
3.5
3.0

2.5
2.0
1.5
1.0
0.5

0.0- . . | | |
00 05 1.0 15 2.0 x1le3

t(s)

Figure 3. 34 Reference currents division into DCM, TCM and clamped operation

(A)

The controller block diagram shown in Fig. 3.32 shows phase A in DCM and phase C in TCM
(sector 1), however as discussed above due to symmetry, the same control block diagram is valid
for the whole line cycle with just DCM and TCM phases changed depending on Eq. 53 and Fig.
3.33.

3.3.1 Verification by Simulation: Inverter Mode

As discussed above and from Fig. 3.32, the reference currents are generated from PLL, the
average line frequency currents are measured by hall sensors as shown in Fig. 3.33. The hall sensor
bandwidth is around 50 kHz such that it only measures the average current and filters all the high
frequency noise. The error between the reference and measured currents at line frequency for DCM
and TCM phases is input for the compensators. The compensators then generate the switching
times T1 and T1+T2+T3 in the case of inverter as shown in Fig. 3.32.

The converter is simulated with the above implementation, the results are discussed below for

different designs of compensators. The currents from the above implementation without
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considering Coss in the device model is shown in Fig. 3.35. The compensator is a Pl controller with
feedforward control. The bandwidth of DCM controller is higher than that of TCM controller, i.e.

the DCM controller is faster than the TCM controller.

ic(A) ib(A) ia(A)
So5 S5o0b 508

25 30 35 40 45x1e3
t(s)

Figure 3. 35 Phase currents from proposed implementation with controller parameters:

KpdcmzleJ, Kidem= 16_2, Kptem= 4e_8, Kitem= 29_2, Kﬁdcmzse_gy Kiiem=5€"

The simulated phase currents for the model considering Coss are shown in Fig. 3.36 and the

zoomed in waveforms are shown in Fig. 3.37. ZVS turn-on is achieved as shown in Fig. 3.37.
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Figure 3. 36 Phase currents from proposed implementation (considering constant Coss: 150 pF)

with controller parameters: Kpgem=1€", Kigem= 5672, Kptem= 3€®, Kitem= 2672, Kftaem=5€7%,
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(c)
Figure 3. 37 Zoom in current and gate signal waveforms showing ZVS turn-on for TCM phase

in (a) beginning (b) middle and (c) end of sector |

3.3.2 Verification by Simulation: Rectifier Mode

The above implementation can also be employed for rectifier mode as shown in Fig. 3.38 with a
low bandwidth (~5 Hz) output voltage controller which generates the magnitude of reference

average currents.
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Figure 3. 38 Digital controller block diagram for rectifier mode from 0-30°

The above implementation is validated for rectifier mode, the simulation results are shown in

Fig. 3.39(a). ZVS turn-on is shown in Figs. 3.39(b), (c) and (d).
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Figure 3. 39 (a) Phase currents from proposed implementation (b) Zoom in current and gate
signal waveforms showing ZVS turn-on for TCM phase in beginning (c) middle and (d) end of

sector |
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3.3.3 Implementation with DSP

A detailed controller architecture is shown in Fig. 3.40. According to the phase generated by
PLL, the controller generates phase voltages and phase currents based on which it allocates a sector
in which the 3-phase system is operating. This phase is updated in each ADC interrupt cycle. Based
on the relative magnitude of phase currents, the controller segregates ia, ib, ic t0 ipcm, itcm and icy

based on the following equation:

|ICI | 2 |ITCM | 2 ||DCM | (72)
Ve Inverter Load
| |
ZCD ———
Sabc c abc -E I ]-
i S || B
: PWM Counter TCM,,zcD |!
I
R | 11 | 4 .
TCMph |abcﬁltmeas
ADC Interrupt
T idcmmeas
1 Sector
PWM Decision [ ' 2se
Compare DCM/TCM/CL
Regs TCM — Classification | Reference
T, Compensator - Average
temmeas Currents

Figure 3. 40 Controller Architecture: Single core DSP implementation

The error between reference and measured currents is fed into the DCM and TCM compensators
which generate switching times T and T3, T1 and Tz are fed to the PWM compare registers. These
times are updated in every ADC interrupt cycle (16 us) while the PWM counter is reset in
synchronization with the ZCD signal. As discussed above, the ZCD signal is a variable frequency
signal, hence to reset the counter at this variable frequency is a challenge which is discussed in the

next section.
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The biggest challenge is to generate variable frequency PWM signals, one method can be to reset
the CPU counter of MCU which would make a dual core operation necessary for TCM. However,
PWM modules in microcontrollers have a separate counter which is generally employed for PWM
generation. Figure 3.41 shows that the PWM modules can be synchronized with an external signal
(EPWMSYNCI). The counter (CTR) can be reset to a pre-programmed value TBPHS whenever
the controller encounters a synchronization signal.

TBCTR([15:0]
oxFrrF 4

TBPRD
(value)

TBPHS
(value) —»

0000

EPWMxSYNCI

CTR_dir

CTR = zero

CTR=PRD

CNT_max

Figure 3. 41 PWM counter can be reset to a programmed value after the SYNCI signal goes
high where TBPRD: PWM time period register value, TBPHS: PWM reset phase register value,

EPWMSYNCI: External Synchronization Signal (ZCDcwm) and CTR: PWM Counter

If the period of PWM signals (TBPRD) is programmed to be greater than the time period of

external signal, a variable frequency PWM signal can be generated as shown in Fig. 3.42.
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CTR
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I_ I_ I_ I_ 1 I-
EPWMSYNCI
}
1 1 1 1 1 1 t
1 1 1 1 1 1
CTR=
0 >
t

Figure 3. 42 Variable frequency PWM signals generated using EPWMSYNCI signal

Frequency: 1 MHz

SYNCIN: 2 V/div

Figure 3. 43 PWM output synchronized with external signal

It can be seen from Fig. 3.43 that there is an 80 ns delay in the time which the external signal
transitions from high to low and the PWM signal changes from low to high. The effect of this
delay plus the delays caused by the hardware are discussed in the next section.

Another important aspect of the implementation is the compensator design and tuning. The

compensator is a traditional Pl + feedforward compensator a shown in Fig. 3.44. Fig. 3.45 shows
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T1 and To3 derived from the mathematical model right next to the DCM and TCM reference
currents. The shape of T1 and Ts is similar to ipcm and itcm respectively. Thus, it can be concluded
that feedforward control will help in controlling the currents. Also, it can be seen that the rate of
change in Ty and ipcwm is greater than that of Tz and itcm. Thus the bandwidth of DCM controller
should be greater than the bandwidth of TCM controller. The values of Pl and feedforward gains

are shown in Table 3.1.

w le=7
5.0 ici 6.0
g - 55 I3
2 i 5.0
4.0 TCM 4.5
3.5 4.0
3.0 - 3.5
=25 it
2.0 >0
1.5 15
1.0 1.0
0.5 0.5
0.0 0.0
00 05 1.0 1.5 2.0 x1le-3 0 1 2 3 ® le-4
t(s) t(s)
@ (b)

Figure 3. 44 (a) DCM and TCM reference currents (b) T1 and T3 control times from

mathematocal model.

Ib:merr

C .
+ +
i Kis = Ts

* |
temref K

(@) (b)

Figure 3. 45 (a) DCM and (b) TCM compenstaor
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Parameter DCM TCM

Ky 3*107 2.25%10°
Ki 0.00864 0.00253125
K 1%1010 1%10%0

Table 3. 1 Table showing compensator values

3.4 Experimental Verification

3.4.1 Hardware Setup

The above algorithm is tested on a three-phase two-level GaN converter (shown in Fig. 3.46)
with 650 V/ 60 A GaN devices. The characterization and phase leg design with these devices is

discussed is Appendix A. The top and bottom device are on opposite sides of the PCB making it

an ultra-low inductance vertical power loop.

Figure 3. 46 Three-phase GaN converter with ultra-low inductance vertical power loop for 650

V/ 60 A GaN devices
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The converter with filter inductors is shown in Fig. 3.47. The converter specifications are 400 V
Ve, 115 V Vaerms, 1.2 KW P, and inductor is designed for 4 uH inductance such that the minimum

switching frequency is 1 MHz.

Figure 3. 47 GaN converter with filter inductors deigned to operate at ~1MHz switching

frequency.

A crucial and the most important part of the control algorithm is the accurate zero crossing
detection (ZCD) for instantaneous phase currents. The ZCD signal of the TCM phase triggers the
start of a new switching cycle. This makes accurate zero crossing detection very important. In
[B.23], ZCD is done by adding a small shunt resistor in series with the inductor as shown in Fig.
3.48. The voltage across this resistor is compared to zero with a comparator (as shown in Fig.
3.49), ZCD signal is triggered whenever this voltage changes sign. This reduces the complexity of

sensing the high frequency instantaneous currents.
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Figure 3. 48 Shunt Resistor in series with the inductor
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Figure 3. 49 Voltage across shunt resistor is compared to zero

The ZCD board schematic is shown in Fig. 3.50. The comparator output is fed into a digital
isolator which is then transferred to the controller. The ZCD board is also very small as shown in

Fig. 3.51. The ZCD board test results are shown in Fig. 3.52.
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Figure 3. 50 ZCD circuit schematic
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Figure 3. 52 ZCD board testing results where Vsn: VVoltage across shunt resistor
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The filtered currents are sensed by connecting hall sensors in series with the load. The hardware

setup is shown in Fig. 3.53.

Figure 3. 53 Experimental setup showing GaN converter, inductors and sensing circuit.
3.4.2 Revised Algorithm
As shown above, the ZCD board is unable to detect exact 0 V crossing, it rather detects +0.7 A
crossing which along with hardware delays such as ZCD board to controller signal transfer delay,
80 ns controller input to output delay and PWM signal transfer delay leads to further drop of

negative current as shown in Fig. 3.54. Thus the current drops to -2.8 A before Sc> is turned off.
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Figure 3. 54 The delays in hardware, sensing circuit and controller leading to higher negative

current than desired.

Hence to reduce this negative current the algorithm is revised as shown in Fig. 3.55. Ts and Te

are programmed to be 0, thus the switching sequence has four switching intervals now.

Figure 3. 55 Revised algorithm with Ts and Te= 0.

This causes a reduction in negative current, though it’s still higher than desired. This high
negative current also causes the switching ripple to go higher and switching frequency to drop.
Thus, the EMI filter capacitor needs to be increased accordingly. The final values are discussed in

the next section.
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3.4.3 DCM Phase ZVS Turn-on

Negative current in TCM phase ensures ZVS turn-on of TCM phase, however DCM phase turn-
on will still be hard switched if the algorithm is not designed for soft switching. The simulation
results are shown for the same in Fig. 3.56. It is shown how the DCM phase does not turn on at 0
V if it’s turned on immediately after the end of Ts, i.e. immediately after the ZCD of TCM phase.

We

(A)
wm o ow

Veont(V)
=
un

Vds(V)

2 VAN

r
345 355  3.65 x1leS5
t(s)

Figure 3. 56 DCM phase does not turn on at 0 V if Saz is turned on immediately after

turn-off of Sc».

However, if the DCM phase is turned on with the TCM phase, i.e. Saz is turned on with Scz or

after that, then the DCM phase can be turned on at 0 V as shown in Fig. 3.57.
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Figure 3. 57 DCM phase does is turned on at 0 V if Sa1 is turned on after a delay after

turn-off of Sco.

3.4.4 Experimental Results

TCM and DCM phase ZVS turn-on is validated and shown in Fig. 3.58 and 3.59 respectively.
The operating conditions are:

Vae= 300 V

Po=675W

Vacrms:86.25 V
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Figure 3. 58 Phase A operating in TCM mode, controller signal goes high after Vgsa1 has

reduced to O V.
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Figure 3. 59 Phase A operating in DCM mode, controller signal goes high after Vgsa1 has

reduced to O V.

Full line cycle currents are shown in Fig. 3.60. The measured system efficiency is 98.7 % at the
above specified conditions. This result includes the inductor losses, ZCD shunt resistor losses and
connector losses. Switching frequency range is 400- 530 kHz, this drop is owing to higher negative

current issue. Filter capacitor had to be increased to 4 pF from 0.8 puF. The final density achieved
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is 110 W/in® which can be improved by a more optimized assembly of the system. Measured

filtered currents are shown in Fig. 3.61, the THD is 6.59 %.

-2 L B J

Ic: 10 A/div

L e B

Ici: 2 Aldiv

Figure 3. 61 Filtered phase currents, measured THD= 6.59 %

3.5 Summary

As shown above, TCM with phase synchronization is achieved by a combination of
DCM+TCM+Clamped operation. The switching frequency variation is reduced to 34% as

compared to more than 2* variation in state-of-the-art decoupled TCM. The key to achieving
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sinusoidal currents is two independent switching times to control three phase currents. One of the
challenges faced is calculation of switching times considering non-idealities which leads to
implementation with average current control. However, high frequency ZCD is still important
which indicates the start of a new switching cycle. The inability of ZCD circuit to detect close to
0 A and the hardware delays lead to a revision in algorithm with no pre-programmed negative
current.

The challenges faced from implementation standpoint are synchronizing the microcontroller
with a variable frequency ZCD signal without halting all the operations of the MCU. In the
proposed implementation, DSP PWM module is employed like in common power converter
control techniques. Thus, a single CPU implementation is shown in this chapter.

The discussion in previous literature is limited to only TCM ZVS turn-on, however in this
chapter, it was discussed how DCM phase can also be turned on at 0 V by adjusting the timing of
the turn-on. Thus, all the three phases turn on at 0 V reducing the losses and CM noise. The final
system efficiency measured is 98.7 % at 300 V DC voltage, 0.7 kW and 400-530 kHz switching
frequency. The power density achieved is 110 W/in®.

However, the above discussion was only limited to unity power factor which is not sufficient
for commercial applications. Reactive power control is also desired for commercial three-phase

converters which is discussed in the next chapter.
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Chapter 4. TCM for Three-Phase Two-Level Converters:

Reactive Power Control

The state-of-the-art CRM/TCM control is limited to unity power factor mode of operation.
However, for commercial applications, unity power factor operation is not guaranteed. There can
be reactive power requirement from the grid in case of inverter (as shown in Fig. 4.1) or the EMI
filter can also introduce a phase lag between ac voltages and boost inductor currents for both
rectifier (as shown in Fig. 4.2) and inverter, hence TCM control needs to be extended to operation

when reactive power is consumed/ delivered.

B
Sa; Se1
_H _El}
p— 3
Saz Sz l

Figure 4. 1 Reactive power requirement from the grid and the EMI filter causing a phase lag

between boost inductor currents and AC voltages.
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Figure 4. 2 Phase lag introduced by EMI filter between boost inductor currents and AC voltages

4.1 Theory

As discussed in chapter 3, in the case of unity power factor operation, the average phase
currents can be expressed as directly proportional to respective phase voltages. For active
+reactive power or purely reactive power generation, the average phase current phasor can be
expressed as the vector addiction of two voltage phasors as shown in Fig. 4.3(b). The average

currents are given by:

i, =1, sin(ot—g)=kv, +k,v, (73a)
i, = 1_sin(ot —27/3-¢) =k, + kv, (73h)
I, =1,sin(et+27/3-¢)=kyv, +k,v, (73c)
where

k, = (cosg+sing/~3)1_IV_ (74a)
k, = (2sing/3)1_/IV_ (74b)
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Figure 4. 3 Average currents (a) directly proportional to phase voltages for unity power factor

case (b) expressed as sum of two phase voltages for active + reactive power generation

The above mathematical expression is physically equivalent to pulling the current from two
voltage sources instead of just one as there can be a non-zero current requirement when the
corresponding phase voltage is zero and vice versa. This phenomenon can be clearly seen when

the voltages and currents are viewed on the time axis a shown in Fig. 4.4.

x 10

=== Lagging Current

Figure 4. 4 Average currents for unity power factor and current with a phase lag

4.2 Active + Reactive Power
Similar to unity power facto operation, the phases still operate in DCM, TCM and clamped

mode. Usually in standard SVM, the phase with maximum magnitude of current is clamped as
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was done in the case of unity power factor in previous chapter. For example, in the case of 30°
lagging power factor shown in Fig. 4.5, phase C has maximum magnitude of current in Sector I.

If phase C is clamped to P and phase A is in DCM as it has minimum magnitude of current.

|Iir|{.|ﬂ.';|

Ilai.ﬂ.]

fh o thegn o e o tfh oo

kbl

ic{A)

irne
u.p.f. current
=== Lagging Current

Figure 4. 5 Reference currents for unity power factor and 30° lagging power factor

The simulated currents when phase C is clamped to P, phase A is in DCM and phase B is in
TCM are shown in Fig. 4.6. It can be seen that the body diode of Saz starts to conduct current in
the positive direction when phase A is programmed to be off. This current ripple is undesirable

and cannot be compensated by the controller as shown in Fig. 4.6.
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Figure 4. 6 Phase A current increasing in positive direction as body diode of Sa, becomes

(A)

forward biased

Thus, phase with maximum voltage is clamped. Hence the phase shift for which this
algorithm gives significant improvement as compared to CCM is -30°-30° as beyond 30°, when
phase with maximum absolute voltage will be clamped, it will also be the phase with minimum
current magnitude and the higher current phases will be switching. This is discussed in detail in

section 4.5.
4.2.1 Optimal Range of Phase Shift: -30°-30°

The average currents for 30° phase lag are shown in Fig. 4.7. It can be seen that the challenge
is to generate average currents that are not directly proportional to input voltages thus generating
zero average current when the voltage is not zero and vice versa. Also, when there is a phase lag,
it is possible that the currents and voltages do not have full circular symmetry as the voltages are
symmetric about one phase angle and the currents are symmetric about a different phase angle. It

can be seen in Fig. 4.7 that for 30" lag, currents and voltages are not symmetric after every 30” but
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the three phase symmetry still holds after every 60°. Hence, two sectors’ operation are discussed

in detail for this case.

=== Lagging Current

Figure 4. 7 Average currents for unity power factor and 30° lagging cases

4.2.2 Mathematical Model

Sector I (0<wt<n/6)

Each switching cycle can be divided into 6 switching intervals (the dead times are not
included as operation during dead time is very similar to unity power factor case) as shown in Fig.
4.8. The gating signals are also included to show the switching sequence. As can be seen in Fig.
4.7, average phase A current (iaavg) iS Negative, hence ia ripple should be negative as opposed to
unity power factor, also A phase (phase in DCM) is only allowed to conduct for two switching
intervals as in the end of sector I, average ia is zero with positive phase voltage, hence times T»

and T3 should be zero at end of sector I, the detailed operation is discussed below.
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Figure 4. 8 One switching cycle waveform for 30° phase lag in sector |

Interval | (0-T1)

During interval 1, Sg> and Sco conduct, ic increases proportional to phase voltage. The equivalent
circuit is shown in Fig. 4.9, the phase currents’ slopes are given by:

di, /dt =—di_ /dt=(v,—Vv,)/2L (75)

The peak currents are given by:

i i = M'ﬁ (76)

bpl = ~lept oL

After ic reaches icp1, Sc is turned off as shown in Fig. 4.8.

Figure 4. 9 Equivalent circuit in Interval |
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Interval Il (T1-T1+T>)

After Sc is turned off, the voltage across Sci drops to zero due to resonance between devices’

capacitors and inductor L, hence Sc1 is turned on at 0 V. Saz is also turned on and ia begins to fall.

The equivalent circuit is shown in Fig. 4.10. The phase currents’ slopes are given by:

di, /dt=(v, -V, /3)/L
di, /dt = (v, +2V, /3)/ L

di, /dt=(v,~V,/3)/L

The peak currents are given by:

iapz = i(Va _Vo /3)T2
L
) . 1
lypz = lppy T E (v, +2V, /3)T,

i, =i +%(VC—V0/3)T2

cp2 cpl

After ia reaches iap2, Sa1 is turned off as shown in Fig. 4.8.

Figure 4. 10 Equivalent circuit in Interval Il

Interval Il (T1+ T2 - Tot+ To+ T3)

(77a)

(77b)

(77c)

(78a)

(78b)

(78¢c)

After Sa1 is turned off, the voltage across Sa> drops to zero due to resonance between devices’

capacitors and inductor La, hence Sa2 is turned on at 0 V. At the beginning of interval 111, Saz is

turned on. Thus i, starts to rise, the equivalent circuit is shown in Fig. 4.11, the phase currents’

slopes are given by:

112



di, /dt = (v, +V, /3)/ L (79)
di, /dt = (v, +V, /3)/ L (79b)

di /dt=(v, -2V, /3)/L (79¢)

The peak currents are given by:

. . 1
lps = Tpo +E (v, +V, 13)T, (80a)

i =i +%(Vc—2VO/3)T3 (80b)

3 = lep2

This interval ends when ia reaches zero, Saz is turned off at the end of Interval Ill.

Figure 4. 11 Equivalent circuit in Interval 111
Interval IV (Ti+ To+ T3- Tot+ To+ T3+Ty)

In this mode, Sg2 and Sci1 conduct, the equivalent circuit is shown in Fig. 4.12. The phase

currents’ slopes are given by:
di, /dt=—di_/dt=(V,+v,—Vv.)/2L (81)

Thus i¢ falls to zero during this interval, this interval ends when ic reaches zero.

Vo o iz Ly V,
”l v;g Ij:f;: ElI"'_

Figure 4. 12 Equivalent circuit in Interval 1V
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Interval V (T1+ To+ Ta+T4- T1+ To+ T3+T4+Ts)
After ic reaches 0, Sci is allowed to conduct for a little more time till ic reaches a negative value
Ir. The equivalent circuit is the same as in Interval IV. At the end of this interval, Sc: is turned off.

The peak negative current Ir is given by:

Vv, +v, —V.)T;
| =—Yo " /5 82
R oL (82)

Interval VI (T1+ To+ T34+T4+Ts - Ta+ To+ Ta+ Ta+Ts+ Te)

After Sci is turned off, resonance occurs in between devices’ output source capacitors and
inductors. Thus Vasc1 reaches Vo and Vgsc2 reaches 0, Sco is turned on (as shown in Fig. 4.8), the
equivalent circuit is shown in Fig. 4.13. The phase currents’ slopes are given by:

di, /dt=—di_/dt=(v, -v,)/2L (83)

The peak negative current Ir is given by:

IR _ (Vb _2\Iic)T6 (84)

Thus, ic starts to increase again and this interval ends when ic and ip recah zero again and a new

switching cycle starts from here.

v ] Ly
-
o[Ve i, L |
47

Figure 4. 13 Equivalent circuit in Interval VI

Thus, negative ripple is achieved in phase A when the phase voltage is positive and ZVS turn-
on is achieved by a combination of DCM, TCM and Clamped mode of operation.

Sector Il (7/6<wt<w/3)

From Fig. 4.7, it can be seen that phase currents and voltages are in the same direction now.

While the magnitude of phase A average current is minimum, the corresponding phase voltage is
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much higher posing a challenge for the choice of switching states. The switching waveform for

one switching cycle is shown in Fig. 4.14.

n/6w<t<n/3w
F 9 - - - - - -
| | | 1 1 |
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Figure 4. 14 One switching cycle waveform for 30° phase lag in sector Il

Interval | (0-T1)

During interval 1, Sg> and Sci1 conduct, ic increases proportional to phase voltage. The equivalent
circuit is the same as in interval | of sector I (as shown in Fig. 4.9), the phase currents’ slopes are
given by Eq. 75. The peak currents are given by Eq. 76. After ic reaches icp1, Sa2 is turned on as
shown in Fig. 4.14.

Interval Il (T1-T1+T>)

After Saz is turned on, ia begins to rise. The equivalent circuit is shown in Fig. 4.15. The phase

currents’ slopes are given by:
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di, /dt=v, /L

(85a)
di, /dt=v, /L (85b)
di,/dt=v_ /L (85¢)
Figure 4. 15 Equivalent circuit in Interval 11
The peak currents are given by:
. v,
o2 = TTZ (86a)
. . v,
lopz = lpp1 T sz (86b)
. . v,
Icp2 = Icpl + ITZ (86C)

After ia reaches iap1, Sa2 is turned off as shown in Fig. 4.14.

Interval Il (T1+ T2 - Tot+ To+ T3)

After Sa2 is turned off, the voltage across Sa1 drops to zero due to resonance between devices’
capacitors and inductor La, hence Saz is turned on at 0 V. At the beginning of interval 111, Saz1 is
turned on. Thus i, starts to fall, the equivalent circuit is shown in Fig. 4.16, the phase currents’
slopes are given by:

di, /dt=(v, -2V, /3)/L

(87a)
di, /dt=(v,+V,/3)/L (87b)
di, /dt=(v,+V,/3)/L (87¢)
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Figure 4. 16 Equivalent circuit in Interval 11l

The peak currents are given by:

. . 1
Ibp3 = Ibp2 + E (Vb +Vo /3)T3 (883.)

Iops = lopo +%(vC +V, 13)T, (88Db)
This interval ends when ia reaches zero, Saz is turned off at the end of Interval I1I.

Interval IV (Ti+ To+ Ts- To+ To+ Ta+Ta)

In this mode, Sg2 and Sc1 conduct, the equivalent circuit is the same as in interval IV of sector |
(as shown in Fig. 4.12). The phase currents’ slopes are given by Eq. 81. Thus i¢ falls to zero during
this interval, this interval ends when i reaches zero.

The operation of Interval V and VI is similar to Sector I, hence it is not discussed in detail for
the sake of brevity. The switching times considering ideal devices are calculated from the

following equations: Ts and Te are calculated from (82) and (83) for a given Ir. Tz and T4 can be

derived in terms of T1 and T> from the following equations for sector I:

lopy + % (v, +V,/3)T, =0 (89a)

| +1(V0+Vb_vc)-r4=0

T (890)

Where iap1 and ipp3 can be derived using Eqns. (76), (76) and (80). For sector Il, Tz and T4 are

derived from the following equations:
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+ % (v, -2V, /3)T,=0 (90a)

Iapl

s +%—(V° +‘;b “Ve)T g (90b)

Where iap1 and inp3 can be derived using Eqgns. (78), (88) and (90). Thus Ty and T» can be derived

from average current equations:

. L+T
i w0 kv (91a)
aavg _Tz 1Va
iel-6
T A PO .o L, . T T.+T
Ibp1§1+(|bpl+|bp2)?2+(lbp2+|bp3)?3 IbpSE‘l_IR( 52 6) k (glb)
=K\

Ibavg = Z Ti + Z Ti

iel-6 i€l-6
The switching times for a 1.2 kW, 400 V V¢, 115 Vinms, L= 4 pH converter are shown in Fig.
4.17. The inductance is the same as in unity power factor. Minimum I; for positive solutions of
conduction times is calculated as -3.3 A as to compensate for the reactive power, higher ripple is

needed.

0 0.1 0.2 0.3 04
t(ms)

Figure 4. 17 Switching times for 1.2 KW P, 400 V V¢, L~ 4 pH, 115V Vaems, 30° lagging

power factor

The full line cycle control showing phases operating DCM, TCM and Clamped mode is shown

in Fig. 4.18. The phase with the maximum absolute voltage is clamped, minimum absolute average
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current is in DCM, and the third phase operates in TCM. The switching frequency variation from
0-60° is shown in Fig. 4.19, it’s only 12.5 % as compared to >2* variation in decoupled TCM. The

variation is symmetric after every 60°.
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Figure 4. 18 Full line cycle control for 30° lagging power factor
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Figure 4. 19 Switching frequency variation for 1.2 KW P,, 400 V Vo, L~ 4 pH, 115V Vinms, 30°

lagging power factor

4.2.3 Verification by Simulation

The converter is simulated from pre-calculated switching times (T1, T2, T3, Ts and Te), T4 IS
detected in real time by ZCD of TCM phase. The simulated phase currents are shown in Fig. 4.20,
ideal devices are considered in this simulation. The zoomed in waveforms in sector | and 1l are

shown in Figs. 4.21 and 4.22 respectively.
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Figure 4. 20 Simulated phase currents for 1.2 kVA, 400 V V,, 115V Vaerms, L~ 4 uH, 30°
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Figure 4. 21 Zoom in current and gate signal waveforms showing ZVS turn-on for TCM phase

in (a) beginning (b) middle and (c) end of sector |
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Figure 4. 22 Zoom in current and gate signal waveforms showing ZVS turn-on for TCM phase

in (a) beginning (b) middle and (c) end of sector 1l

The loss breakdown comparison is shown in Fig. 4.23. Despite higher conduction losses due to

higher ripple, the converter can still maintain ~99 % efficiency at 0.8 MHz.

Estimated Loss Breakdown,

15 Rectifier Mode @ 1.2 kW
210
&
©, o
0

Cond. Turn-on Turn-off
CCM@68kHz mTCM @ 0.8 MHz

Figure 4. 23 Loss Breakdown Comparison of CCM at 50 kHz and TCM at 0.8 MHz at 1.2

KVA, 400 V Vo, 115V Vinms, 30° lagging power factor
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4.3 Control Implementation

The DSP implementation is very similar to unity power factor mode in Chapter 4, based on
the relative magnitude of average currents and voltages, the controller assigns DCM, TCM or
clamped mode of operation to each phase. The times T: and T. are generated by the average
current compensators.

The operation for 30° lagging inverter mode is very similar to rectifier mode. The gate signals
for one switching cycle in sector | and Il for inverter mode are shown in Fig. 4.24 (a)and(b).

Average reference currents and voltages for inverter mode are shown in Fig. 4.25.
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-~ o I B P’ " ' B
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Figure 4. 24 One switching cycle waveform for 30° phase lag in (a) Sector I (b) Sector Il

inverter mode
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Figure 4. 25 Full line cycle control for inverter mode

The classified phase currents as DCM, TCM and clamped currents are shown in Fig. 4.26.

Since after every 60° the phase clamped is changed and the clamping decision is taken based on

voltage magnitude, hence itcm has a jump after every 60°. The closed loop implementation is

shown in Fig. 4.27.
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Figure 4. 26 Reference DCM and TCM currents symmetric after every 60°
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Figure 4. 27 Controller implementation for sector |

It can be seen in Fig. 4.28 that the currents are symmetric after every 60° and the TCM reference
current has a jump after every 60°. This jump is also visible in Ty in Fig. 4.17, hence it can be concluded

that a high feedforward gain is required in the compensator for phase shifted currents.

4.3.1 Verification by Simulation

The simulation results with the closed loop implementation for 1.2 kVA, 400 V Vg, 115 V
Vaerms, L= 4 pH, 30° lagging inverter mode are shown in Fig. 4.28. The detailed operation in
inverter mode is very similar to rectifier mode. The zoom-in current waveforms are shown in Figs.

4.29 and 4.30.
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The filtered phase currents are shown in Fig. 4.31, the currents are able to follow the reference

currents.
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Figure 4. 31 Filtered phase currents
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4.4 Experimental Verification

The proposed algorithm is validated on the GaN converter shown in Chap. 3. The initial
compensator design is the same as discussed in Chap. 3 for unity power factor, however even after
PI controller tuning, the filtered currents had >10 % THD. The causes for the same are investigated

below.
4.4.1 Revised Compensator Design

The key challenges for phase shifted current operation are implementation with asymmetry
combined with hardware delays causing higher negative current making the system more
complex. Thus, to model the simulation as close as possible to the experimental setup, the delays
caused by ZCD signal, controller and converter delays are integrated into the system. The values

used for the TCM and DCM compensators are shown in Table 4.1.

Parameter DCM TCM
Ko 4*10° 5%10°¢
Ki 3*10°® 5*10°
Kt 2*10 1*108

Table 4. 1 Compensator gains

The simulation results with hardware and controller delays included in the model are shown
in Figs. 4.32 and 4.33. The results shown in Fig. 4.31 were from a model not considering these
delays. It can be seen from Fig. 4.32 that the ripple increases after delays are included, also the

filtered phase currents have glitches. These glitches occur after every 60°.
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Figure 4. 32 Simulated phase currents after considering delays in the model
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Figure 4. 33 Simulated filtered phase currents after considering hardware delays in the model.
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The control times Ty and T» are analyzed to get a deeper understanding of the issue. The plots
for T1 and T2 are shown in Fig. 4.34. It is clear that like itcm (from Fig. 4.28), T1 also requires an
offset after every 60°. This offset is partly supplied by feedforward control however the
feedforward gain cannot be further increased as higher Kz leads to distortion in currents in the
middle of sectors. One of the methods that could be employed is an offset addition in T, after
every 60°. An offset of 100 ns is added to T; after every 60° and the simulated results are shown

in Fig. 4.35.
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Figure 4. 34 T1 and T2, jumps in Ty required
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Figure 4. 35 Simulated filtered phase currents after an offset is added to T after every 60°.

The position of offset is same for -30°-30° phase shift, it occurs after every 60° as shown in

Fig. 4.36. The simulation results for 0.95 lag, 400 V V¢ and 1.2 kVA are shown in Fig. 4.37. A

generic simulation model is built for the range of -30°-30° phase shift
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Figure 4. 36 Reference DCM and TCM currents for (a) 0.95 lag and (b) 0.9 lag
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4.4.2 Experimental Results

TCM and DCM phase ZVS turn-on is validated and shown in Fig. 4.38 and 4.39 respectively.
The operating conditions are:

Vuc= 300 V

So= 0.675 kVA

P.f.=0.866

Vacrms:86.25 V
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(b)
Figure 4. 38 Phase A operating in TCM mode in (a) Sector V and (b) Sector VI, controller

signal goes high after Vgsa1 has reduced to 0 V.
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Figure 4. 39 Phase A operating in DCM mode in (a) Sector Il and (b) Sector VII, controller

signal goes high after Vgsa1 has reduced to 0 V.

Full line cycle currents are shown in Fig. 4.40. The measured system efficiency is 98.54 % at
300 V Vg, 0.675 kVA, 30° lagging power factor and 600- 850 kHz switching frequency range.
These losses includes the inductor losses, ZCD shunt resistor losses and connector losses.

Switching frequency range is 600- 850 kHz, this drop is owing to higher negative current detection

135



issue discussed in Chap. 3. The final density achieved is 110 W/in® which can be improved by a
more optimized assembly of the system. Measured filtered currents are shown in Fig. 4.41. The

THD is 6.51 %.

Figure 4. 40 Phase currents for Vg.= 300 V, So=675 VA, Vacrms= 86.25 V, p.f.= 0.866

lagging

™ B W

les: 2 Aldiv

N /\ FIR I /\\ Y

Figure 4. 41 Filtered phase currents, measured THD= 6.51 %
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4.5 Extension to Purely Reactive Power

In the previous section, proposed TCM control is extended to active + reactive power,
however the ripple also increases. To extend the capability of proposed control, it is discussed in
this section if this control can be applied to purely reactive power cases. The average currents for
90" phase lag are shown in Fig. 4.42. It can be seen that in this case, the phase with maximum
voltage has the minimum average phase current requirement. This will start happening beyond
30" phase shift. Hence, now the phase with maximum average current cannot be clamped. It

instead operates in TCM with ZVS turn-on.

1
]
1
1
1
L
|
1
1

5
time(ms)

u.p.f. current
=== Lagging Current

Figure 4. 42 Average currents for u.p.f. and 90° lagging cases

It can be seen in Fig. 4.42 that the case of 90" phase lag has full circular symmetry, thus
operation in only one sector is discussed in detail. The switching waveform with gating signals
for one switching cycle in sector | is shown in Fig. 4.43. It can be seen (from Fig. 4.42 and 4.43)
that the phase with highest average and switching current operates in TCM while the phase with
minimum average current but higher switching current is clamped (phase B in sector 1), thus still

saving on switching losses. The full line cycle control is shown in Fig. 4.44.
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Figure 4. 44 Full line cycle control for 90° lagging current
4.5.1 Verification by Simulation
The solution for switching times (for sector I and Il) for a 1.2 kVA, 400 V Vo, 115 Vinms, L=
4 uH, 90° phase lag is shown in Fig. 4.45(a). Ir has to be increased to -9 A to obtain positive
solutions for the complete range of time. The switching frequency variation is shown in Fig.
4.45(b). Simulated phase currents (for ideal devices) is shown in Fig. 4.46(a). The zoom in

waveforms of currents is shown in Fig. 4.46(b).
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Figure 4. 45 90" phase lag 1.2 kVA, 400 V Vo, 115 Vinms, L= 4 pH (a) Switching times solution
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Figure 4. 46 90" phase lag 1.2 kVA, 400 V Vo, 115 Vinms, L= 4 pH (a) Full line cycle phase

currents (b) zoom in waveform of phase currents

Hence, TCM can be pushed for the entire range of power factor but on the cost of increase in
ripple and hence conduction losses. Also, the phase with maximum average current magnitude
cannot be clamped beyond 0.866 power factor.

4.6 Summary

As shown above, proposed DCM+TCM+Clamped operation can be extended to reactive
power cases. The switching frequency variation is still very small (41.66%) as compared to >2*
variation in decoupled TCM. TCM for meeting reactive power demands has never been discussed
which limits its practical application. The biggest challenge for phase shifted current TCM is that
the average phase currents ripple shape and hence magnitude are dependent on respective phase
voltages. When the phase with maximum average current magnitude is clamped (like in clamped
SVM and TCM unity power factor discussed in Chap. 3), it leads to instability in the system as the
body diode of one of the devices in DCM phase starts conducting when the DCM phase should be

off. This current is opposite in sign compared to the reference current, this leads to undesirable
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ripple in all the phases which the controller is unable to compensate for. Thus, the phase with
maximum magnitude of voltage is clamped.

Another key challenge is that since the phase clamping decision is taken on the bases of phase
voltage while the DCM and TCM phases are classified on the basis of phase currents’ magnitudes,
it leads to discontinuity in the TCM reference currents. This discontinuity combined with the
delays caused by converter, sensing circuit and the controller leads to glitches in the currents after
every 60°. Thus, to solve this issue an offset is added to the controller output at a frequency six
times fundamental frequency. This offset addition technique is verified by simulating a model for
-30°-30° phase shift and no glitches are observed.

The DCM and TCM phases ZVS turn on is validated on the GaN converter. Thus, all the three
phases turn on at 0 V reducing the losses and CM noise. The final system efficiency measured is
98.54 % with a power density of 110 W/in® at 300 V Vg, 0.675 kVA, 30° lagging power factor.

It is shown that TCM can be pushed for the entire range of power factor but at the cost of increase
in ripple, hence conduction and turn-off losses also increase. Also, the phase with maximum
average current magnitude cannot be clamped beyond 0.866 power factor. So, the optimal range
of phase shift for DCM+TCM+Clamped operation is found to be -30°-30°.

The proposed algorithm achieves phase synchronization, sinusoidal currents and <40 %
switching frequency variation. It achieves 99 % efficiency and >100 W/in® power density at 300
V Ve, ~0.7 KW power level and ~0.5 MHz switching frequency for the two-level GaN converter.
As compared to CCM where the peak efficiency achieved by this converter is 97 % and the density
is <50 W/in®. Thus, in the next chapter it is discussed how the proposed algorithm can be extended
to the three-level converter with the added benefit of reduced CMV to explore the algorithm’s

benefits for other topologies.
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Chapter 5. TCM for Three-Level Topologies

This chapter discusses extension of proposed TCM algorithm to three-level converter
topologies. A three-level Neutral Point Clamped (NPC) inverter is shown in Fig. 5.1 and a three-
level T-type inverter is shown in Fig. 5.2. The extension of TCM+DCM-+Clmaped algorithm to
achieve ZVS turn-on, phase synchronization, sinusoidal average currents and very small switching
frequency variation is discussed. As power requirements increase, the two-level converter needs a
large size filter and higher blocking voltage rated devices. To mitigate these disadvantages, three-
level converters are employed in high power and high voltage applications.

As shown in Figs. 5.1 and 2, in the three-level topology each phase can be connected to N, P
or O state in the DC bus as opposed to only N or P states in the two-level topology. Hence, the
objective of proposed algorithm is also to make the best use of the O state as this state exhibits the

property of lower common mode voltage (CMV) which is discussed in the next section.

+ 9
)
B

o]

I
m |

Figure 5. 1 Three-level NPC inverter
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Viine

Figure 5. 2 Three-level T-type inverter

5.1 Theory

As shown in previous chapters, ZVS turn-on can be achieved for a two-level converter without
adding any extra resonant components, thus the same principle is extended to a three-level inverter
in this chapter. The modulation discussed for a two-level inverter can be directly implemented to
a three-level inverter but one of the advantages of the three-level topology is reduced common
mode voltage (CMV). This advantage of this topology is made use of in the proposed modulation
schemes. CMV (vcw) is defined as:

_(Sa+Sb+SC)\i

oM™ 3 5 (92a)
Where
1 for P
S,=| O0forO (92b)
-1 for N

As shown in Figs. 5.1 and 5.2, P is the positive DC bus point, N is the negative DC bus point
while O is the DC bus mid-point in case of a three-level inverter. Si represents the point to which
each phase is connected in a switching state, the value of which is given by Eq. 92(b). The
switching states and CMV in one switching cycle of the two-level inverter unity power factor
modulation are shown in Fig. 5.3. It can be seen that the first switching state (N-N-N) has the

highest CMV (-V4c/2).
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Figure 5. 3 Switching sequence and CMV in two-level TCM

5.2 Reduced CMYV Switching Sequence |

The switching schemes discussed in this chapter make use of the reduced CMV states. The line
cycle can still be divided into 12 sectors (like in a two-level converter) as shown in Fig. 3.3, where
in each sector, the voltage direction and relative magnitude of the three-phase ac voltage is same.
The ac voltages are given by Eq. 38. One switching cycle waveform in sector I (0<wt<m/6) is
shown in Fig. 5.4. Each switching cycle can be divided into six intervals. The input voltages are
assumed to be constant for one switching cycle as the switching frequency (fsw) >> line cycle

frequency (fi). The detailed operation in each interval is discussed below.
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Figure 5. 4 One switching cycle waveform for TCM in inverter in Sector | for case a: when i,

reaches 0 before ic reaches peak value icpo.

5.2.1 Mathematical Model

Interval I (0-T1)

During interval 1, Sgs, Ses, Sc1 and Sco conduct leading to rise in icand fall in ib. the equivalent
circuit is shown in Fig.5.5, the phase currents’ slopes are given by:

di, /dt=—di_/dt=(-V, +v,—v,)/2L (93)

The peak currents are given by:

. (Vg +V.—V,)
Ibpl = _Icpl TT1 (94)

After ic reaches icp1, Sci is turned off as shown in Fig. 5.4.
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Figure 5. 5 Equivalent circuit in Interval |
Interval Il (T1-T1+T2)

After Sci is turned off, resonance occurs in between phase C devices’ output source capacitors
(Coss) and L, Because of this resonance, Vgsc1 reaches Vac/2 and Vyscs reaches 0, the body diode of
Scs starts conducting and the switch can be turned on at 0 V. After Scs is turned on, ia Starts to

drop. The equivalent circuit is shown in Fig. 5.6, the phase currents’ slopes are given by:

di, /dt=(V, /2-v,)/L (95a)
di, /dt=(-V,, /2-v,)/L (95b)
di, /dt=—v, /L (95c)

The peak currents are given by:

Iop2 = Ve l27V) (96a)
L

. . -V, [2-v

Ibp2 = Ibpl + %TZ (96b)

) ) -V

Iopo = oy + TCT2 (96¢)

Figure 5. 6 Equivalent circuit in Interval 1

Interval 11 ends when current ia reaches peak current iap1, Sa1 and Saz are turned off at the end of

this interval.
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Interval Il (T1+T2- T1+T2+T3)

After Sa1 and Saz are turned off, resonance occurs in between phase A devices’ output source
capacitors (Coss) and La, Because of this resonance, Vasa1 and Vasa2 reach Vae/2 and Vgsaz and Vasas
reach 0, the body diodes of Sazand Sas4 start conducting and the switches can be turned on at 0 V.
After the body diodes start conducting, ia Starts to drop. The equivalent circuit is shown in Fig. 5.7,

the phase currents’ slopes are given by:

di, /dt=(-V, /6-v,)/L (97a)
di, /dt =(-V,, /6-v,)/L (97b)
di, /dt=(V,, /3-v,)/L (97c)

The peak currents are given by:

. V. /6-vV,

Ips = b + (d°—Lb)T3 (98a)
. . /3-v

Iops = lepo +MT3 (98b)

Figure 5. 7 Equivalent circuit in Interval 111

Interval 111 ends when current i, reaches 0, phase B and C continue to conduct current.

Interval IV (T1+T2+T3- T1+T2+T3+T4)

During interval 1V, Sgs, Sga4, Sc2 and Scz continue to conduct leading to fall in icand rise in ip. the
equivalent circuit is shown in Fig.5.8, the phase currents’ slopes are given by:

di, /dt=—di_ /dt=(-V,. /2+v,—Vv,) /2L (99)

This interval ends when i¢ reaches 0.
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Figure 5. 8 Equivalent circuit in Interval IV

Interval V (Toi+ To+ Ta+T4- To+ Tot Ta+T4+Ts)

After ic reaches 0, Sc2 is allowed to conduct for a little more time till ic reaches a negative value
Ir which is enough to discharge the phase C devices’ output source capacitors for ZVS turn-on of
Sci. The equivalent circuit is the same as in Interval 1V. At the end of this interval, Scs is turned
off. The peak negative current Ir is given by:

(Vg 124V, = V)T,

| 100
R oL (100)

Interval VI (T1+ To+ Ta+Ta+ Ts - Te+ To+ Ta+Tat+ Ts+Te)

After Scs is turned off, resonance occurs in between phase C devices’ output source capacitors
and L, thus Vgscs reaches Vg and Vasct reaches 0, the body diode of Sc: starts conducting (as i¢c<0)
and the switch is turned on at 0 V. The equivalent circuit after is shown in Fig. 5.5. The phase
currents’ slopes are given by Eq. 93.

The peak negative current Ir is given by:

Vi +V, =V )T
| =V c 101
R 2L (102)

Thus, ic starts to increase again and this interval ends when ic and iy touch zero and a new switching
cycle starts from there.
The calculated switching times for ideal devices neglecting the effect of Coss and dead times are

shown in Fig. 5.9. Ts and Te are calculated from (100) and (101) and are given by:

5 = 215L (102a)
—(-Vy 12+v,—-V,)
T, = _ 2l (102b)
(Vdc +Vb _Vc)

148



Tz and T4 can be derived in terms of T1 and T» derived from the following equations:

. 1
Iapl + E (_Vdc /6 _Va)T3 =0

(105a)
1V, /2+v,—-V,)

i T, =0
L 2 N

bp3

(105b)

Where iap1 and ipp3 are derived using Eqgns. (94), (96) and (98). Thus T1 and T2 can be derived
from average current equations:

(T, +T;)
apl 2
|aavg = ? = klva (104a)
iel-6
i ibpl-;l-l_(ibpl i ibp2)2+(ibpz "'ilop3)-;3 Iopa -2_ IR(TE;TG)
|ban = Z T + Z T = klvb (104b)
iel-6 I !

icl-6

Where k1 is given by Eqgs. (51) and (52).
T1 and T» are given by:

T 2Lk (2v, +V,)
LV, + 2y 4y,

(105)

The switching times for a 5 kW, 900 V V¢, 480 Viirms, fs~ 0.1MHz, L= 36 pH are shown in Fig

5.9. The inductance is chosen to obtain the desired switching frequency.

6
Ts
4_\
2 r
] 2 /

t(ms)

Figure 5. 9 Switching times 5 KW Po, 900 V Vg, 480 Viirms, fs~ 0.1MHz, L- 36 pH
The decision of mode of operation for each phase follows the same relationship as in unity power

factor for a two-level inverter. The full line cycle control is shown in Fig. 5.10.
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DCMV mClamped to N mClamped to P STCM
Figure 5. 10 Full line cycle control showing control symmetry after every 30°

The switching frequency variation for 0-60° is shown in Fig. 5.11. The graph is symmetrical
after every 30°. The switching frequency variation is just 6 % as compared to >2* variation in
state-of-the-art decoupled TCM. The CMV variation for one switching cycle is shown in Fig. 5.12.

The maximum CMV is [Vqc/3| while for two-level TCM the maximum CMV is [V4c/2| (as shown
in Fig. 5.4).

0.11 o

0.106

(MHz)

fs

60

0.10

Figure 5. 11 Switching frequency variation for 5 kW Po, 900 V V¢, 480 Viirms, fs~ 0.1MHz,

Zowt( deg) 40

L- 36 uH
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Figure 5. 12 Switching sequence and CMV in proposed 3-level TCM

5.2.2 Verification by Simulation

The converter is simulated from pre-calculated switching times (T1, T2, T3, Ts and Te) and zero
crossing detection (ZCD) of current of clamped phase. The simulated phase currents for 5 KW Py,
900 V Vqc, 480 V Vac, L~ 36 pH are shown in Fig. 5.13, ideal devices are considered in this
simulation. The zoomed in current waveforms in sector | are shown in sector I is shown in Fig.
5.14. The closed loop implementation is very similar to the closed loop implementation for two-
level TCM discussed in Chapter 3 in Fig. 3.38. The compensator for phase in TCM now generates

switching time T1 and the compensator for phase in DCM generates switching time Ta.
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Figure 5. 13 Simulated phase currents for 5 KW P,, 900 V V¢, 480 V Vg, L~ 36 pH
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Figure 5. 14 Zoom in current waveforms in Sector |

The loss comparison between hard switched Space Vector Pulse Width Modulation

(SVPWM) and proposed algorithm for 10 kW Po, 900 V V¢, 480 V Vqe is shown in Fig. 5.15. It
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can be seen that the proposed switching sequence can achieve >99 % efficiency at 200 KHz

switching frequency while with SVPWM ~99% efficiency is achieved at 72 kHz. Thus, a great

reduction in filter size is achieved while maintaining same efficiency.
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Figure 5. 15 Loss Comparison between (a) TCM and (b)SVPWM and TCM for 10 KW P,, 900

V Ve, 480 V Ve, L~ 9 uH for TCM and L~ 140 pH for hard switched SVPWM

5.2.3 Control Implementation

The implementation is very similar to the implementation of two-level average current
control, two compensators are used for controlling two average currents. The closed loop
implementation from 0-30” is shown in Fig. 5.16, phase A compensator generates T2 while phase
C compensator generates T1. The phases operating in DCM and TCM modes of operation keeps

rotating as shown in Fig. 5.10.
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Figure 5. 16 Control Closed Loop Implementation from 0-30°.
Proposed implementation is verified by simulation, the simulation results for 5 kW Po, 900 V

Vdc, 480 Viirms, fs~ 0.1MHz, L= 36 pH is shown in Fig.5.17.
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Figure 5. 17 Simulated phase currents from proposed implementation for 5 kW P,, 900 V

Vdc, 480 Vacirms, fs~ 0.1MHz, L- 36 uH for sequence 1.

5.3 Reduced CMV Switching Sequence 11

In switching sequence I, the DCM phase is turned on after the TCM phase (after time T1). In
the second switching sequence proposed, the DCM and TCM phases are turned on at the same
time in the beginning of every switching cycle like for a two-level inverter or rectifier unity power
factor mode of operation. As discussed for two-level inverter TCM switching sequence, it can be
divided in two cases, similarly the proposed switching sequence for three level inverter can be
divided into three cases. The switching cycle waveforms in sector I (0O<wt<m/6) for case A, B and

C are shown in Figs. 5.18 (a), (b) and (c) respectively.
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Figure 5. 18 One switching cycle waveform for TCM in Sector | for (a) Case A:

Tontem™Tondem™ Ttdem (b) Case B: Tontem<Tondem*Ttdem and (C) Case C: Tontem<Tondcm

The time for which phase A devices Sa: and Sa> conduct is termed as on-time for phase
operating in DCM (Tondcm) and after these devices are turned off, the time taken by ia to decrease
to zero is called the fall time of DCM phase (Ttcm) as shown in Fig. 5.18. Similarly, the time for
which the phase C device Sci conducts, i.e. phase C is connected to P is termed as on-time for
phase operating in TCM (Tontem) and after Scy is turned off, the taken by ic to decrease to zero is

called the fall time of TCM phase (Tfcm) as shown in Fig. 5.18. These terms are defined for clear
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understanding of this switching sequence. B phase, i.e., the phase with the maximum magnitude
of average current (as shown in Fig. 5.10) is still clamped. The switching sequences in the three
cases are given by:

Case A: P-N-P|N-N-P|N-P|N-O|N-O|N-P
Case B: P-N-P|N-N-P|N-N-O|N-O|N-O|N-P
Case C: P-N-P|P-N-O|N-N-O|N-O[N-O|N-P

The CMV for all the three cases is shown in Fig. 5.19, it can be seen that the maximum

magnitude of the CMV is always less than Vgc/3.
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Figure 5. 19 CMV variation during one switching cycle for TCM in Sector | for (a) Case

A Tontem™Tondemt Ttdem (D) Case B: Tontem<Tondem+Ttaem and (c) Case C: Tontem<Tondem

5.3.1 Mathematical Model

Based on the circuit equations in each time interval, the switching times are calculated, Tondem

and Tontem are shown in Fig. 5.20. The switching frequency variation for 5 kW Po, 900 V V¢, 480
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Viirms, fs~ 0.1MHz, L= 36 pH is shown in Fig. 5.21. It can be seen that both the on times vary

similar to the two-level inverter on times. Hence the controller implementation is very similar.
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Figure 5. 20 DCM and TCM phase on times
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Figure 5. 21 Switching frequency variation for 5 KW Py, 900 V V¢, 480 Vacirms, s~

0.1MHz, L- 36 uH for sequence Il

5.3.2 Control Implementation

The implementation is very similar to the implementation of previous switching sequences,
average current control is employed, two compensators are used for controlling two average
currents. The closed loop implementation from 0-30° is shown in Fig. 5.22, phase A compensator
generates Tondem While phase C compensator generates Tontem. The phases operating in DCM and

TCM modes of operation keep rotating as shown in Fig. 5.10.
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Figure 5. 22 Closed loop control implementation from 0-30” where phase A operates in DCM

and phase C operates in TCM
5.3.3 Verification by Simulation
The simulated phase currents are shown in Fig. 5.23. The zoom in current waveforms in sector

| are shown in Fig. 5.24. It can be seen that ZVS turn-on is achieved for the phase operating in

TCM. The peak ripple is very similar to sequence I, however the current envelope is different.

Also, the zoom in waveforms show difference in the two sequences.
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Figure 5. 23 Simulated phase currents for 5 KW P,, 900 V Vg, 480 V Ve, L~ 36 uH for

sequence 11
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Figure 5. 24 Zoom in current waveforms in Sector | for sequence Il

5.4 Experimental Verification

The switching sequence | is tested on an NPC inverter, the NPC module is rated for 1.2 kV, 40
A. The switching times are generated from DSP and then fed into CPLD as shown in Fig. 5.15.
The CPLD resets the counter shown in Fig. 5.23 and counts the time till the end of each switching
interval and resets the counter to zero after every ZCD. This implementation is different from
complete DSP implementation discussed in previous chapters.

The low power testing results at 625 W Po, 225 V V4¢, 120 Vacirms, fs~ 0.1MHz, L= 9 uH for
sequence | are shown in Fig. 5.24. The zoom in waveforms for phase A operating in DCM and
TCM are shown in Fig. 5.24 (b) and (c) respectively. It can be seen from Fig. 5.24(c) that ZVS
turn-on is achieved for TCM phase. Also, the small ripple resulting from resonance between L,
and phase A device output source capacitors can be seen in Fig. 5.24 (b). The average currents are
not perfectly sinusoidal as can be seen from Fig. 5.24 (a), the compensator design for DCM and

TCM phase needs to be improved which is a good future research problem.
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Figure 5. 26 Experimental Results at 625 W P,, 225 V V¢, 120 V Vacirms, L= 9 pH (a) Full Line
cycle currents and line-neutral voltage (b) Phase A operating in DCM (c) Phase A operating in

TCM

5.5 Summary

In this chapter, DCM+TCM-+Clamped algorithm is extended to three-level converters. The

proposed switching sequences employ the benefit of reduced CMV switching states of three-level
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topology. The switching sequences are designed such that the phase operating in TCM mode
switches between P and O or N and O state. This limits the maximum CMV to |V4c/3|, whereas,
the maximum CMV in two-level TCM is |Vqc/2|. These sequences are generic to three-level
topologies, i.e. the algorithm can be implemented on a T-type converter also without any
modification.

The switching frequency variation is very small (6%) for both the switching sequences as
compared to >2* variation in state-of-the-art decoupled TCM. The implementation is similar to
the two-level algorithm, two switching times are generated by two average current controllers and
the compensator design is also similar to that of the two-level algorithm. The phase with maximum
magnitude of current is still clamped.

This algorithm is tested on a three-level NPC inverter and the converter density increases 6* as

compared to state-of-the-art three-level NPC converter switching in hard switched CCM.
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Chapter 6. Conclusion and Future Work

6.1 Summary

High switching frequency operation leads to a great reduction in the power converter size, WBG
devices enable high switching frequency operation owing to their fast switching speed, small size,
and low switching noise and hence, reduced switching losses. The turn-on losses are still
significant (as shown in Appendix A) though for > 0.3 MHz switching frequency operation making
soft turn-on necessary for efficient high frequency operation. ZVS turn-on can be achieved by
adding a resonant tank to the converter but that increases the physical complexity of the converter.
Hence, methods that achieve ZVS turn-on by modification of control techniques are investigated.

State-of-the-art critical conduction mode and triangular current mode control are discussed in
Chapter 1. In these techniques, phase inductor and device capacitors form the resonant tank. TCM
for single-phase PFC has >2* switching frequency variation, phase decoupled TCM for three-
phase converters results in the three phases operating at different switching frequencies
simultaneously.

Hence, TCM+DCM+Clamped algorithm is proposed to achieve ZVS turn-on with phase
synchronization in Chapter 3. Each switching cycle has six switching states and two independent
switching times. These switching times are controlled such that the average three-phase currents
are sinusoidal. It is shown that the proposed algorithm leads to only 34% switching frequency
variation. The phase with maximum current magnitude is clamped minimizing the turn-off losses.
The DCM phase also operates with ZVS turn-on, the existing methods have only focused on TCM
phase ZVS turn-on and valley switching turn-on for DCM phase. The implementation is highly
simplified by incorporating average current control. DSP implementation with just one CPU is

showed. The algorithm is validated on a GaN converter, the converter’s density is pushed to 110
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W/in® while maintaining ~99 % efficiency at 300 V Vg, 0.675 kW and ~0.5 MHz switching
frequency.

The discussion of CRM/TCM in existing literature is limited to unity power factor assumption
which limits the algorithm’s adoption in real world applications, the proposed algorithm of
TCM+DCM-+Clamped is thus extended to reactive power cases in Chapter 4. The algorithm is able
to achieve phase shifted sinusoidal currents, each switching cycle is still divided into six switching
states, two independent switching times are controlled to generate three-phase sinusoidal currents.
It is discussed when phase with the maximum average current is clamped, it leads to uncontrolled
current flowing in the DCM phase which ultimately leads to instability. Hence, phase with
maximum voltage magnitude is clamped and it is concluded that the optimal range of phase shift
for the proposed algorithm is -30°-30°. A general algorithm is shown for this phase shift. The
algorithm is implemented with average current control. It is validated on the GaN converter and
the converter’s density is pushed to 110 W/in® while maintaining ~99 % efficiency at 300 V Vg,
0.675 kVA, 30° phase lag and 0.6-0.85 MHz switching frequency.

The proposed algorithm is also extended to three-level converters in Chapter 5 employing the
benefit of reduced CMV switching states in three-level topologies. Two switching sequences are
proposed, both the sequences have six switching states, and two independent switching times are
controlled to generate three-phase sinusoidal currents. The TCM phase switches between N and O
or P and O switching states in one switching cycle leading to a reduction of maximum CMV to
|Vac/3| as compared to |Vac/2| in two-level TCM. Both the proposed switching sequences have a
very small (6%) switching frequency variation as compared to >2* variation in state-of-the-art
decoupled TCM. The implementation is similar to that of the two-level TCM+DCM-+Clamped
algorithm. The experimental verification with a three-level NPC inverter is shown, the inverter’s

density is pushed 3* as compared to the hard switched CCM NPC inverter.

168



6.2 Future Work

In the future, it would be an important research problem to conduct detailed study of controller
design for the TCM+DCM+Clamped algorithm implementation. Also, the transient performance
of the controller needs to be studied. Also, for reactive power generation, the compensator design
needs to be studied in detail owing to asymmetry in phase shifted operation. It would be an
important problem to study a general compensator design for the whole range of phase shift. For
the three-level algorithm, it would be a good research problem to study TCM switching sequences
that do not cause mid-point voltage imbalance. Also, a detailed controller design is required to

improve the quality of phase currents.
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APPENDIX A

GaN Static and Dynamic Characterization

As discussed in Chapter 1, converters operating in high frequency TCM operation do have
high current ripple passing through the devices, the converter should be able to operate efficiently
with such a high ripple current too. Wide Bandgap devices are a promising candidate for this
design owing to their low conduction losses. Wide band-gap GaN-based devices are emerging as
an attractive candidate for high-efficiency power driving systems ([A.12]-[A.15], [A.26]) owing
to their high breakdown voltage, low on-resistance, fast switching, and high temperature operation.

As shown in Fig. A.1, the theoretical limit of GaN breakdown voltage is very high with very
low specific on-resistance. The 600 V cascode GaN-on-Si structure has been dominant in medium
power applications for a long time but the cascode structure has issues of charge imbalance
between the low voltage Si and high voltage normally-on GaN, lower reliability and high common

source inductance [A.19].
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Figure A. 1 Specific on-resistance vs breakdown voltage for different semiconductor materials

showing that the theoretical limit for GaN is the highest

The 650 V e-mode GaN devices are very small (as shown in Fig. A.2) and have low package
inductance but to extract the full benefits of these devices, it is important to analyze the static and
dynamic characteristics of the device. A detailed device characterization to study the variation of

the parameters (Rason, Coss €tC.) with junction temperature, applied voltage and current is done to
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model the device’s performance in TCM mode converters. First, the static characterization of the
device is discussed at both low temperature and high temperatures. Later, dynamic characterization
is discussed with two phase leg designs: reference lateral phase leg design and vertical phase leg

design.

Figure A. 2 650V/ 30 A GaN device from GaN Systems with very low package inductance and

small package size

A.1 Static Characterization

An ideal power device should act as short circuit when on and open circuit when the device
is off but an actual power device has several parasitics as shown in Fig. A.3. The device static
characteristics include the device drain-source resistance (Rdson) Which increases with temperature
and drain current. The equivalent gate circuit of a power MOSFET shown in Fig. A.3 shows device
parasitic capacitors and package inductances. The device has a surface mount device (SMD)
package with gate and source inductances less than 0.7 nH. The parasitic parameters are studied
in detail with static characterization. In order to gain a deep insight of the device switching and

thermal performance, it is important to measure each parasitic element accurately.
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cds

Figure A. 3 Equivalent circuit of a power MOSFET
A.1.1 Characterization Procedure

The parasitic on-resistance (Rason) varies with drain current (lg) and device junction
temperature (T;). The on-resistance also changes with the gate source voltage (Vgs) applied on the
device as the enhancement mode operation requires a minimum positive gate-source voltage on
the device. On-resistance is measured during enhancement mode of the device as in most power
electronics application the MOSFET is operated in linear mode to minimize the parasitic
resistance.

The parasitic capacitances namely gate-source capacitance (Cgs), drain source capacitance
(Cgs) and gate-drain capacitance (Cqd) as shown in Fig. A.3 depend on the drain-source voltage
Vgs. The static characterization was performed using a curve tracer (Agilent B1505A) as shown in
Fig. A.4. The tests which need a high current capability (>1 A) like the output characteristics,
transfer characteristics etc. were done by connecting the curve tracer to an ultrahigh current
expander (Agilent N1256A). The tests which needed a higher voltage (> 60 V) such as capacitance
measurement were done by connecting the curve tracer to a high voltage bias tee (Agilent
N1260A). The bias tee can be used for testing up to 3 kV. The device is mounted on the socket

with gate, source and drain connections as shown in Fig. A.5.
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Figure A. 5 Ultra high current expander fixture showing device under test and drain, source and

gate connections.

A.1.2 Experimental Results at Low Temperature

The output forward characteristics were measured by sweeping Vs from 0-5 V at Vs varying
from 1 V- 10 V as the breakdown Vgs limit from is +/- 10 V. The gate-source voltage is kept
constant for one Vgs sweep. The curve tracer has separate force and sense connections to apply
voltage and current and to sense them separately. This Kelvin sense connection increases the
accuracy of measurement. The pulse width of Vg for measurement is kept very low (0.001 %) to

avoid self-heating of the device. Also, it is assumed that the junction temperature will be similar
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to case temperature because of the small duty ratio. A gate resistor of 100 € was selected on the
curve tracer fixture to avoid any voltage and current overshoot on the device during turn-on and
turn-off.

The forward output characteristics of the 650 V/ 30 A GaN HEMT at case temperature (T¢)
25 ©C are shown in Fig. 3.6(a). The device starts to conduct very small current at Vg 2 V and is
fully enhanced at 5 V. The device saturates at lqg 44 A for Vg 7 V-10 V. The reverse output
characteristics as shown in Fig. 3.6(b) are measured by varying Vgs from -5-0 V and Vs varying
from -5-10 V. An important thing to note during reverse conduction is that the GaN HEMT doesn’t
have a body diode anti-parallel to the device but during reverse conduction, the channel starts to
conduct when
Vsd > Vg + Vigsth (106)
where
Vsd- negative of applied drain-source voltage
Vsg- Negative of applied gate-source voltage
Vgsth- gate-source threshold voltage

This phenomenon ensures that GaN HEMT will have very low on resistance during reverse
conduction and hence lower reverse conduction losses as compared to silicon carbide (SiC) and
silicon (Si) MOSFETSs. Also, since enhancement mode GaN has no body diode, it has no reverse
recovery losses which is a very big advantage over Silicon carbide (SiC) and cascode GaN devices.
The reverse characteristics are similar to forward characteristics when applied gate source voltage

is greater than 4 V. The device saturates at lq -44 A for Vg 7 V-10 V.
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Figure A. 6 Forward characteristics of GaN HEMT at case temperature 25 °C
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Figure A. 7 Reverse characteristics of GaN HEMT at case temperature 25 °C

The device on-resistance is measured by the curve tracer by measuring the slope of the I-V
curve. The resistance of the wires and connectors is compensated by subtracting the value from
the measured on resistance. The measured forward on-resistance (Rason) at 14 9 A and Vgs 7 V is 55
mQ as shown in Fig. 3.8(a) while in [A.26] it is mentioned to be 52 mQ. The measured reverse
on-resistance (Rason) at 14 -9 A and Vgs 7 V is 54.5 mQ. This shows that this device has a very low
on resistance which makes it ideal for high power applications. The cascode GaN device with

similar voltage and current ratings has three times on resistance at similar current levels. Also, it
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can be seen from Fig. A.8 that on resistance (both forward and reverse) is almost constant for I4 0

-30 A
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Figure A. 8 (a) Forward on resistance vs drain current and (b) Reverse conduction resistance vs

drain current of GaN HEMT at Vs 7 V and T 25 °C

The transfer characteristics are measured by varying Vgs from 0-5 V at a constant Vgs bias of
7 V. The device starts to conduct when Vgs > Vgsth as shown in Fig. 3.9. The gate threshold voltage
is 1.6 V from [A.26] and from the measurement, it is found to be 1.8 V. The threshold voltage is

the applied gate-source voltage at which the drain current Iq is 7 mA under the operating conditions
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of Vgs = Vgs. The drain current at which the threshold voltage is defined is recommended by the
device manufacturers. The measured trans-conductance is 15 S while in [A.26], it’s mentioned to

be 13 S.

Tc=25°C
30 yg=7V

0 1 2 3 B 5
Vgs(v)

epmSamplel e=@mmSample2 e=@==Sample3

Figure A. 9 Transfer characteristics of GaN HEMT at V47 V and T 25 °C

The device blocking capability can usually be evaluated by two parameters: BV pss —the drain-
source breakdown voltage, and Ipss — the drain leakage current at the rated voltage. For MOSFET,
BVpss is usually defined as the voltage which produces 250 pA drain leakage current with the
gate-source terminals shorted. Under this criterion, BVpss is usually measured to be higher than
the rated voltage. However, under elevated temperatures, devices may break down even before the
leakage current reaches 250 pA. For mature and rugged devices, all the single cells within the
device are uniform in their blocking capability. These devices also have built-in avalanche
capability that helps them survive from short-time unexpected over-voltage stress.

However, for certain prototype DUTS, some single cells are weaker than the others, which
will break down first under high voltage stress, and the resultant damage is usually not recoverable.
In this case, the DUT is destroyed (i.e. can no longer block voltage) even if the output
characteristics still look fine. To avoid possible damages to the GaN DUTS, Ipss is adopted in this
work to evaluate the device blocking capability instead of BVpss, and is measured under the High

Voltage Mode of the curve tracer. Measuring lpss is relatively safer because the leakage current is
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obtained under rated Vps voltage with the channel pinched-off. The drain leakage current is

measured to be 2.4 pA at 650 V Vgs and Tc 25 °C as shown in Fig. A.10.
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1.50E-06

5.00E-07

0.00E+00 =C

0 200 400 600
-5.00E-07

Vds(v)

——8—Samplel =@==Sample2 ==®=Sample3

Figure A. 10 Drain leakage current vs drain source voltage with device pinched off and T,

25°C

As discussed above the device parasitic capacitances are termed as Cgs (drain-source
capacitance), Cqs (gate-source capacitance) and Cyq (gate-drain capacitance). The input capacitance

(Ciss), output capacitance (Coss) and reverse transfer capacitance (Crss) are given by:

Ciss = Cgs + Cqyd (107)
Coss = Cgd + Cas (108)
Crss = Cqd (109)

The capacitances are measured by using the high voltage bias tee (Agilent N1260A) with the
curve tracer. The Cgg measurement block diagram is shown in Fig. A.11l. Only the AC
measurement signal passing through Cqg component is measured by the Im current meter, and
converted to Cqg. The AC current passing through Cgs flows in AC Guard, and it does not affect
the Cqg component. Also the potential of L (low) input is almost GND level, and the Cgyq current

branching off to Cgs component can be ignored since the potential between Cgs is close to zero

178



volts. However, at high frequency the impedance of AC guard increases which may cause some

signal leaks to Cgs affecting measurement accuracy.

1 2E0A M1 2E5A

OC Bias AL ssgnal
H :_ Cdyg o
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= Cds
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GND
u

&mt Guard) g - s

Figure A. 11 Block diagram for C4q measurement

For Coss measurement, the gate and source of the device are both connected to L. The
measured Coss, Crss and Ciss from experiment are 62 pF, 7 pF and 182 pF respectively at Vgs 400
V. These measurements match well with the capacitance values in the preliminary datasheet. These

capacitances are quite lower as compared to state-of-the-art Si and SiC devices. The results are

shown in Fig. A.11.
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Figure A. 12 Parasitic capacitances vs drain source voltage. These capacitances are measured at

a frequency of 1 MHz
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A.1.3 Experimental Results at High Temperature

A lot of device parameters such as on-resistance, threshold voltage, blocking capability etc.
vary with junction temperature. The device on resistance increases with temperature which leads
to increase in power loss on the device and hence temperature increases further. The leakage
currents also increase with increase in junction temperature. This is due to the intrinsic carrier
concentration increasing exponentially with temperature. The high temperature static

characterization setup is shown in Fig. A.13.

Figure A. 13 High temperature static characterization setup

The device is heated on a hot plate, a thermocouple is used to measure the device case
temperature which is connected to the curve tracer. The device begins to saturate at lower drain
currents for the same gate-source voltage as shown in Fig. A.14(a), the GaN HEMT saturates at
30 A for Vgs 7-10 V. The device is fully enhanced at Vgs 7 V at Tc 100 °C as compared to 5 V at
25 OC as shown in Fig. A.14(a) and (b). Hence, the recommended gate driver voltage for this
device is 7 VV which is 3 V lower than the gate breakdown voltage. The trans-conductance of the

device at 100 °C is half of the trans-conductance at 25 °C as shown in Fig. A.14(c).
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Figure A. 14 (a) Output forward characteristics (b) Reverse characteristics (c) Transfer

characteristics at case temperature 100 °C

As can be seen from Fig. A.14 (a) and (b), the slope of I-V curve during enhancement mode has
greatly reduced which signifies a large increase in Rason. FOrward on-resistance increases to 136 mQ at Iy 9
A and Tc 144 °C as compared to 54.5 mQ at Tc 25 °C. Similarly, the reverse on-resistance also increases
to 129 mQ at 144 °C case temperature and -9 A lq. The normalized on-resistance vs temperature is shown

in Fig. A.15.

Ve =7V

0 50 100 150
Temp (degC)

—@— Reverse cond. Forward cond.

Figure A. 15 Normalized forward conduction and reverse conduction on resistance vs

temperature

From the static characterization results shown above, it is clear that the parasitics play a very

important role in the device switching and dynamic performance. Also, the parasitics change with
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the drain current and voltage applied on drain-source or gate-source. These parameters are also
temperature dependent. To understand the performance of the device in the phase leg
configuration, dynamic characterization in discussed below.

A.2 Dynamic Characterization

As discussed in introduction section, for high frequency applications, it is very important to
design the phase leg PCB layout with low loop inductance. GaN Systems’ GS66508 has very low
package inductance (drain and source inductances are each 0.2 nH from [A.26]). The gate driver
block diagram to control the device is shown in Fig. A.16. It is shown that isolation is important
between the control signal and the power side. This isolation ensures that the noise and high dv/dt
from the power side doesn’t get transferred to the control side. The primary side of the isolated
gate driver is supplied from the controller and the secondary side is powered from the isolated
power supply. This power supply is chosen for its very small isolation capacitance (Ciso: 2 pF) so

that it provides good blockage to the noise from the power side.
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Figure A. 16 Gate driver block diagram for 650 V/ 30 A GaN device

The gate driver schematic is shown in Fig. A.17 with the specific rating of each component.
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A.2.1 Phase Leg Design

The phase leg schematic is shown in Fig. A.18. For phase-leg layout, two designs are
compared in terms of electrical and thermal performance. The first one is a reference lateral phase
leg design in which both the devices are placed on the top side of the board as shown in Fig.
A.19(a). The second design is the vertical phase leg in which one device is on top side of the PCB
and the other one is on the bottom side of the board as shown in Fig. A.19(b). The power loop
inductance is thus limited only by device package inductance, dimensions of the device and the
PCB. The vertical design has a lower power loop inductance (~0.6 nH) as compared to the lateral

power loop (~3 nH).
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Figure A. 18 Phase Leg Schematic

185



UL LU UL e
2ol bl | 8

Dol
I Low Side

p R3(’

’ V:Gate

'73».# i"'Drlver '_[!" ;taj_gs
% 255 ua‘,—' £
94@"’4 b 3

SUppIy Bypass Cap
a C10 (Bottom Side) '}
- =B

(@)

Top switch

-
S2 Bottomswitch D

(b)

Figure A. 19 (a) Lateral Phase Leg Design (b) Vertical Phase Leg Design

The vertical design also enjoys the benefit of minimized coupling between gate loop and
power loop as the gate loop is perpendicular to the power loop. Whereas in the reference design
the gate loop is parallel to the power loop and the AC and DC terminals are coupled with each
other as shown in Fig. A.20(a). The vertical design has minimal coupling between AC and DC

terminals of the phase leg.

(@)
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(b)

Figure A. 20 (a) Power loop and gate loop coupling in reference phase leg design (b) Minimal

power loop and gate loop coupling in vertical phase leg design

A.2.2 Experimental Results

The double pulse test of the two designs is conducted with the load inductor connected across
the top switch as shown in Fig. A.21(a). The experimental setup is shown in Fig. A.21(b). The
bottom switch was turned on and off (with 5 pus dead time) while the top switch was kept off. The
gate driver is designed for on state Vgs 7 V and off state V4 O V. The results at 400V DC voltage,
30 A inductor current for lateral phase leg design are shown in Fig. A.22(a), and for vertical phase
leg design are shown in Fig. A.22(b).

The Vgs overshoot measured for vertical design was 68.8V (17.2%) whereas from the double
pulse test results in lateral design at similar conditions, the Vgs overshoot is 188 V (47 %). Thus
the vertical design can reduce the voltage overshoot to less than half as compared to the lateral
power loop design. This low overshoot paves the way for reduction of gate resistance, faster
switching and hence lower energy losses. The Vgs rise time is less than 20 ns and peak Vgs
measured is 9 V. The high noise in Vg might also be due to absence of accurate measuring points

on the board.
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Figure A. 23 Switching losses for 650 VV/ 30 A GaN HEMT

The switching losses measurement shown in Fig. A.23 shows the necessity of soft turn-on.

A.3 Summary

The detailed static characterization of the low package inductance 650 V/ 30 A and 650 V/ 60
A GaN HEMTs at room temperature and high temperature is shown in this chapter. The key
conclusions from static characterization are that Rason increases considerably with temperature, the
device turns on fully at 6 VV while the maximum transient gate voltage allowed is 10 V thus leaving

a very small margin for the overshoot on gate voltage. This makes the gate loop design very

critical.

The dynamic characterization of the proposed low inductance vertical layout is shown, the voltage
overshoot in this case is less than half of the voltage overshoot in the lateral phase leg design from
[A.33]. Hence, the devices can be turned on faster with lower switching losses. The turn-on losses

are 10* the turn-off losses making soft turn-on necessary at high switching frequency.
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APPENDIX B

Phase Leg Design with Multiple Devices in Parallel

Appendix A discusses the importance of low inductance gate driver and phase leg design for
high frequency operation. However, for higher power requirement, devices have to be connected
in parallel. In this section, the design and operation of two 650 V/ 60 A Gallium Nitride (GaN)
devices in parallel connection is discussed in detail, further, the challenges faced and the trade-
offs required for paralleling high speed GaN devices are also examined. The dynamic
characterization of two devices in parallel is presented in detail. The phase leg design requires both
power loops and gate loops to be as small and as identical as possible for the two devices as for
high speed GaN devices, even a small parasitic inductance or capacitance added due to the layout

causes high overshoot in device voltage and current.
B.1 Schematic and Layout

The phase leg schematic with two devices in parallel is shown in Fig. B.1(a). The split on-
state resistor (Rgt1, Rgte, Rgb1, Rgn2) for each device is same as the off-resistor. It should be noted
that it is very important to have some split gate resistors for each device after the common gate
resistor as shown in Fig. B.1 to control the oscillations due to the loops formed in between the two
devices and these split gate resistors have to be placed as close to the device gate as possible. The
phase leg schematic including all the parasitics is shown in Fig.B.1 (b). The most important point
for the layout design is that the parasitic inductances after the split of the gate path (Lgt1, Lgt2, Lstt,
Lst2, Lgst, Lgs2, Lgb1, Lgb2, Lsb1, Lsb2, Lgs3, Lgsa) should be small (<0.2 nH) and identical. The gate
loop inductances from the gate driver to the device gate (Lgui, i € 1-4) and the power loop

inductances should also be small and identical.
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Figure B. 1 (a) Phase Leg Schematic and (b) Phase Leg Schematic with parasitics

The phase leg layout block diagram is shown in Fig. B.2(a). The gate drivers are on the bottom
side of the board while all the devices are on the top side of the board. The dual gate pins of the
device are made use of and only the gate pins in the middle are connected to the gate driver
asshown in the figure. From [A.24], the two gate pads are internally shorted, hence, gate driver
connection to only one gate pad is sufficient for driving the device. The gate loop inductances after
the split are as small as 0.5 nH, the total gate-source loop inductance for all the devices is close to
3.5 nH, the gate-source loop is identical for top and bottom devices and for both the devices in

parallel. The power loop inductance is also very small- 1nH. The parasitic inductances and
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capacitances are simulated from FEA simulation. The power loop and gate loop are shown in Fig.
B.2 (b) and (c) respectively. Though the device doesn’t have a separate source sense pin, separate

layers are used for power loop and gate loop grounds thus minimizing the mutual inductance

between the two loops.
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Figure B. 2 (a) Phase leg layout (b) Phase leg lateral view showing power loop (c) Phase Leg

side view showing gate loop
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The DPTer schematic with two current shunts is shown in Fig. B.3 (d), each shunt is in series
with the device. To avoid paralleling of shunts, source resistors (Rsb1,Rsp2) have to be added in
between the device source and gate driver ground to measure individual device current accurately.
The value of these source resistors has to be much larger than the current shunt resistance so that
the drain current passes through the shunt but this resistor is also included in the gate loop, hence

it cannot be too large.
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Figure B. 3 DPTer schematic with shunts and source resistors

DC-

B.2 Experimental Results

The DPTer is populated with just one phase leg initially (one top and one bottom device) and
then, after the single phase leg characterization is done till 400 V, 60 A, all the four devices are
populated on the board. The split gate resistor (Rgb1 and Rgs2 in Fig. B.2 (a)) being 4 Q each. The
source resistor is chosen as 1  and the common gate resistor is 20 Q. Thus, the total on-state
resistor 1s 25 Q while the off-State resistor is 5 Q.

The single phase leg DPT results for bottom device with inductor across the top switch are
shown in Fig. B.4. Gate source voltage (Vgsb1) of the device is measured with a single ended
passive probe of bandwidth 1 GHz, drain source voltage (Vasb1) is measured with a passive probe
of bandwidth 500 MHz and the device current (lab1) is measured with a current shunt, resistance
15 m Q and bandwidth 1 GHz. The on-state gate voltage is 6 V while the off-state voltage is -4 V
(as recommended in [A.24]). It is mentioned that for paralleling, a negative off-state voltage is
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required to avoid the issue of false turn-on as the Miller capacitor (Cgq) is doubled. As shown in
Fig. B.4, there are very small oscillations in the gate voltage, the Vasb: overshoot during turn-off
is also small (97 V). The overshoot without the current shunt will be smaller as the shunt adds

approximately 3 nH inductance to the power loop.

Vep- 4 Vidiv

(a) (b)
Figure B. 4 Single Device Phase Leg DPT at 400 V, 60 A (a) Bottom device turn-off and (b)

turn-on

The top device DPT is also conducted (with inductor across the bottom switch) to measure
the miller effect on bottom device. During the turn-on of top device, the bottom Vgs»1 reaches 0.93
V, which is acceptable as the device threshold voltage is 1.3 V. The results are shown in Fig. B.5
(@) and (b). The top device gate-source voltage (Vgst1) is measured using a differential probe, hence

it has more noise.
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Figure B. 5 Single Device Phase Leg DPT at 400 V, 60 A (a) Gate voltages during top device
turn-off and turn-on and (b) Bottom device drain-source voltage and drain current during top

device switching.

Further, the DPT with two devices in parallel was conducted. As shown in Fig B.6, the static
current sharing between the two devices is accurate. The DPT results are shown at 400 V, 100 A
with the two shunts shorted in Fig. B.7. The two shunts are shorted to avoid any circulating current

between the two devices because of the path of circulating current created by the two shunts.

Figure B. 6 Paralleled devices’ Phase Leg DPT at 200 V, 15 A
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Figure B. 7 Paralleled devices” DPT with the two shunts shorted at 400 V, 100 A (a) Turn-off

(b) Turn-on

It can be concluded from the device characterization that fast speed WBG devices enhance the
switching and thermal performance, however due to the fast speed, a good design with minimal
loop inductances is necessary for minimizing the noise and losses caused by fast transients. For
efficient operation in TCM mode, multiple devices are connected in parallel to reduce the
conduction losses. The main challenge for paralleling high speed GaN devices is circulating
current between the two devices. To minimize this current, the layout should be designed so that
both the devices’ gates and sources are as close to each other as possible. Secondly, using split

gate resistors is recommended.
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