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A Wide Range and Precise Active and Reactive Power Flow Controller for

Fuel Cell Power Conditioning Systems

Sung Yeul Park
(Abstract)

This dissertation aims to present a detailed analysis of the grid voltage disturbance in frequency
domain for the current control design in the grid-tie inverter applications and to propose current control
techniques in order to minimize its impact and maximize feasibility of the power conditioning system in
distributed generations. Because the grid voltage is constantly changing, the inverter must be able to
response to it. If the inverter is unable to respond properly, then the grid voltage power comes back to the
system and damages the fuel cell power conditioning systems.

A closed-loop dynamic model for the current control loop of the grid-tie inverter has been developed.
The model explains the structure of the inverter admittance terms. The disturbance of the grid voltages
has been analyzed in frequency domain. The admittance compensator has been proposed to prevent the
grid voltage effect. The proposed lead-lag current control with admittance compensator transfers current
properly without system failure. In order to get rid of the steady-state error of the feedback current, a
proportional-resonant controller (PR) has been adopted. A PR control with admittance compensation
provides great performance from zero power to full power operation. In addition, active and reactive
power flow controller has been proposed based on the PR controller with admittance compensation. The
proposed active and reactive power flow control scheme shows a wide range power flow control from
pure leading power to pure lagging power. Finally, the proposed controller scheme has been verified its
feasibility in three phase grid-tie inverter applications. First of all, a half-bridge grid-tie inverter has been
designed with PR controller and admittance compensation. Then three individual grid-tie inverters has
been combined and produced three phase current to the three phase grid in either balanced condition or
unbalanced condition.

The proposed control scheme can be applied not only single phase grid-tie inverter application, but
also three phase grid-tie inverter application. This research can be applicable to the photovoltaic PCS as
well. This technology makes renewable energy source more plausible for distributed generations.
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Chapter 1 Introduction

1.1 Research Background

There are three major renewable energy sources: wind power, solar photovoltaic, and fuel
cell. Fig. 1.1 shows overall renewable energy sources and utilizing electricity [1]. Wind power
usually comes from the wind turbine as an ac voltage; photovoltaic and fuel cell are dc voltages
[2-4]. The main function of the power conditioning system is to match different voltage levels to

an appropriate level, which the end user can use.

Wind Turbine Utility Grid
AC

Power
Conditioning
System
(bcipe,
DC/AC,

AC/DC) Residential Use

Fig. 1.1 Three major renewable energy sources and utilization

There are five major types of fuel cell systems which differ by their electrolyte: polymer
electrolyte membrane fuel cell, alkaline fuel cell, solid-oxide fuel cell, phosphoric acid fuel cell,
and molten carbonate fuel cell. Solid-oxide fuel cells are operated at high temperature, typically
around 1000 °C. Because of this high temperature operation, not only can the cell supply heating
for co-generation operation, but it can also use natural gas and coal gas for the fuel so that Co

and H; can be reformed [5-6].



In the fuel cell power conditioning systems (PCS), the end-goal is to transfer power from the
fuel cell renewable energy source to the utility. In order to accomplish this, the inverter must
precisely control the output current while monitoring grid voltage. Because the grid voltage is
constantly changing, the inverter must be able to respond to it. If the inverter is unable to respond
properly, then energy from the grid may come back into the system and damage the fuel cell PCS.
The most crucial parts of the PCS in renewable energy applications for distributed generation are

to interface efficiently, reliably, and safely [4], [7-8].

1.2 Renewable Energy Power Conditioning System (PCS)

Fig. 1.2 shows the overall configuration of the fuel cell power conditioning system
configuration. There are two converters. One is a front-end converter and the other is a back-end

inverter.

20-50V 450V, 208V,

Solid Vg
Oxide V DC/DC V DC-AC Vv
Fuel © |converter| % | Inverter | T
Cell _
Grid
Front-End Converter Back-End Inverter

Fig. 1.2 Fuel cell power conditioning system for the utility grid distributed generation

1.2.1 Front-End Converter — DC-DC Converter

A dc-dc converter’s function is to convert the fuel cell’s low output voltage to high voltage
in order for the inverter to produce either single-phase 120 V / 240 V for the residential use or

2



three-phase 208V for commercial use. For a 5SkW power rating, the fuel cell output current can
easily flow at 250A and can cause significant conduction loss. Soft-switching technology using a
3-phase, 6-leg converter has been proposed to achieve high efficiency [9]. Three-phase
interleaving reduces the high frequency current ripple. The full-bride, phase-shift modulation
scheme achieves soft-switching. The closed-loop controller of the dc-dc converter regulates the

dc link voltage [10].

1.2.2 Back-End Converter — Utility Grid-Tie DC-AC Inverter

While a standalone inverter controls the inverter output voltage, a utility grid-tie inverter
controls the inverter output current with respect to the grid voltage. The requirements of the
utility grid inverter are quite different from those of standalone operation inverters. A controller
of the grid-tie inverter should control the current with respect to the grid voltage in order to
transfer power to the utlity grid at unity power factor. The control algorithm can be varied
depending on a sensing point of either the inductor-current and the grid-current or the filter-

capacitor-voltage and the grid-voltage.

1.2.3 Current Controller Design Issues for the Grid-Tie Inverter Applications

Back-end inverters or grid-tie inverters usually connect to the utility grid with filters in
order to limit the switching frequency harmonics. Inductor, capacitor, and inductor configuration,
or an LCL-filter, is often used for the utility grid-inverters. However, an LCL third-order-filter

requires more complex current-control strategies to maintain system stability.
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One of the control issues is the robustness of the controller against the grid disturbance.
Another critical issue is the fast tracking capability, because it affects the grid current harmonics.
IEEE stardard 1547 limits the current THD to 5% with individual limits of 4% for each odd
harmonic. Table. 1.1 shows the distortion limitation of the individual harmonics in IEEE 1547

[11].

Table. 1.1 Distortion limits of the individual harmoinics in IEEE 1547

Individual Harmonics Distortion Limit
Order h
h <11 <4.0%
11=h<17 <2.0%
17<h<23 <1.5%
23<h<35 <0.6%
35<h <0.3%

1.3 State-of-the-art Current Control Technologies

Early research on grid-tie or grid-connected inverters dates back to the mid 1980s [12-13].
Current control technologies can be broadly classified into two groups. One is a linear control,
such as proportional-integral current control, proportional-resonant current control, dg
transformation current control, and predictive or deadbeat current control. The other is a non-
linear control, such as hysteresis current control and sliding mode current control. A brief review

of these control schemes follows below:

Proportional-integrator current control is most widely used method since the mid 1980s
[13]. [14-15] proposed an output voltage feed-forward term for fast response and utility power

4



factor. [16] proposed a combination of deadbeat and PI control. Even though the PI control with
a feed-forward term can provide faster dynamics than that of a conventional PI controller, it still

has the steady-state error issue due to the sinusoidal current references.

Proportional-resonant current control has extremely high gains at the desired frequencies
to reduce the amount of steady-state error. It has shown superior performance to that of a Pl
controller. [17] suggested a PR control, which can eliminate the steady-state error, for the
voltage source inverter PWM rectifier application. [18] compared a resonant regulator and a
synchronous frame PI regulator. [19] derived a theoretical equation to connect PR controller and
a synchronous frame PI regulator. [20] pointed out the drawbacks to a Pl and proposed a PR
control with a harmonic compensator, which can improve odd-order harmonic distortions. [21]
compared a Pl control and a PR control. [22] implemented a PR control with a delta operator to
compensate computational error. [23] introduced a quasi-PR controller for better
implementation. [24] applied a PR control to a split filter capacitor configuration. [25] designed a
PR connected in series with a tracking regulator for PV inverter. [26] showed a PR control with
two-loop control strategy. [27] implemented a PR control with a FPGA with 100 kHz switching
frequency. [28] utilized the weighted average value of two inductor currents. Due to several
controller implementations, the computation delay shoud be considered. A key factor for

operation is to align the fundamental and odd harmonic frequencies properly.

D-Q transformation control can handle the error signal as regulated dc quantity. Classical
PI controller can be applied to the current controller to achieve infinite gains. After that, through
re-transformation of the control value, the duty cycle can be determined. [29] suggested a DQ

control, which can produce active power and reactive power, for a single-phase inverter



application. [30-31] adopted an all-pass-filter for the dg control, and [32] proposed a dq control
for avoiding transformer core saturation. This control scheme can provide infinite gain at the
fundamental frequency; however, it also demands more computation time and it can be a burden

to the controller design and implementation.

Predictive current control or dead-beat control has a very fast dynamic response capability,
so it can be utilized in the active power filter and the high performance adjustable speed drives.
[33] provided a fuzzy logic predicted current control in order to provide energy with low
harmonics and high power factor. [34] presented an improved predictive current controller to
minimize the current error and give fast response for over-current protection by using a dual-
timer and software PLL. [35] implemented a deadbeat control with a FPGA. [36] showed a
robust predictive current control strategy. [37] proposed a multirate estimator for predictive
control to compensate time delay. [38] suggested a model predictive control scheme based on an
improved model. However, it requires the measurement of the load voltage, V.. Therefore, the

noise sensitivity of the predictive controller is higer than the PI controller.

Hysteresis control provides extremely fast response and runs at variable switching
frequency. [39] proposed a dead-beat adaptive hysteresis current control for simple
implementation and less circuit components. A hysteresis controller was designed with MPPT
neural networks at PV application [40]. [41-42] implemented a single-band hysteresis current
control for robust current regulation. [43] suggested a constant frequency hysteresis current
control with modified hysteresis band by prediction. Due to the variable switching frequency,
proper filtering of the high-frequecy components of voltage and current is an issue. Due to the

non-linear control approach, the conventional feedback analysis method can not be applied.



Sliding mode control has been proposed in a power conditioning system based on variable
structure control [44]. Sliding mode control can be applied to a buck-based sinusoidal generator
[45]. [46] suggested a fixed-frequency quasi-sliding control algorithm. [47-48] used a sliding
mode control for the grid-tie inverter applications. [49] designed an adaptive total sliding mode
control for avoiding uncertainties during reaching phase. As a non-linear control approach, it has
good dynamic response and robustness. However, it requires modern control theory knowledge

and is difficult to show numerical data of the stability by applying conventional feedback method.

1.4 Research Motivation

The preceding section review makes clear that current control of the grid-tie inverter
requires high performance capability in order to track a sinusoidal ac current reference and
robust enough to prevent the disturbance of the grid voltage. So far, it has been proposed to
combine either proportionl controller or a feedforward term with new controllers. PCS requires a
seamless utility grid connection, with minor steady-state error and precise power control.
However, there has not been much analysis done in the frequency domain for the grid voltage.

The ability to control active and reactive power will be helpful in smart grid applications.

1.5 Dissertation Outline and Major Results

The dissertation includes the four relative research topics based on the proposed modeling
approach, dynamic analysis, and improvement of the control structure of the single-phase utility-

grid tie inverter controller design.



In chapter 2, a current loop control with admittance compensation for a single-phase grid-tie
fuel cell power conditioning system will be proposed. The admittance compensator eliminates
the effects of the grid voltage on either the inverter system or the controller design. Transfer
functions of a singe-phase grid-tie inverter are derived and fully analyzed. This method allows
for current control design without considering the disturbance of the grid voltage. With this

method, even in the light load condition, the grid-tie inverter can provide power to the utility grid.

In chapter 3, admittance compensation in a current loop control for a grid-tie LCL fuel cell
inverter will be proposed. To improve steady-state operation, the quasi-proportional-resonant
controller (QPR) was adopted with an admittance compensator. Thru zero power command can
be achieved with the proposed control method. To maximize usability, LCL-filter based single-
phase inverter was designed, the transfer functions of the controller were derived, and the QPR
controller was explained in the frequency domain. From zero power to full power, the proposed

system properly provides active power.

In chapter 4, a wide range and precise active and reactive power flow controller for the solid
oxide fuel cell power conditiong system will be proposed. Active power flow control and
reactive power flow control can be obtained with three controller combinations: the admittance

compensator, the quasi-proportional resonant controller, and the scalar controller.

In chapter 5, versatile utilization of three half-bridge single-phase grid-tie inverters will be
proposed. The proposed control scheme can provide power from renewable energy sources both
balanced grid voltage source condition and unbalance grid voltage source condition. Modeling

and control for the half-bridge single-phase grid-tie inverter will be derived and explained.



Chapter 6 will give a summary and contributions of this dissertation and suggest future
works, which can be expanded to the other applications for renewable energy power conditioning

systems.



Chapter 2 Current loop control with admittance compensation

for a single-phase grid-tie fuel cell power conditioning system

2.1 Introduction

Fuel cell outputs tend to have slow time constant due to its balance of plant (BOP)
controller, and thus it is more suitable for a grid-tie system where the load dynamic can be
managed with slow current ramps. The fuel cell power conditioning output, however, suffers
from steady-state error as seen in most single-phase inverters. Major cause of the inverter output
steady-state error has long been identified as insufficient controller loop gain at the fundamental
frequency such as 50 Hz or 60 Hz. Additionally, the grid-tie inverter output presents noticeable
harmonic contents that have also been identified as insufficiency controller loop gains at the

harmonic frequencies.

Past work [17], [19-21], [53] suggested that using proportional resonant (PR) controllers at
the fundamental or selected harmonic frequencies can solve the steady-state error and eliminate
the major harmonic contents. It is also possible to solve the steady-state error with dg-
transformation that allows the real power and reactive power components to have an infinite
controller loop gain [29-30], and thus eliminating the steady-state error. The major cause of the
inverter output steady state error has been further explored in this paper. The complete circuit
model analysis indicates that it comes not only from the controller loop gain, but also from an
admittance path, which induces an undesirable current by the grid voltage. The desired inverter
output current should be controlled by the duty cycle of the pulse width modulation (PWM), not
by the external sources. The fact that the admittance path allows the grid voltage to induce an
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undesirable current will eventually cause a severe impact to the waveform quality and steady-
state error. In a power factor correction (PFC) boost converter, the admittance path was found to
have major impact on the waveform distortion due to its leading phase with respect to the line
current [55-56]. For the grid-tie inverter case, the situation is similar, except that the leading
phase becomes lagging phase or out of phase with respect to the compensator design, because the
admittance induced current is against the PWM output current. The impact of such a lagging

phase current or an out of phase current is a severe steady-state error.

It is suggested in [55-56] that the leading phase current distortion can be compensated with
a feed-forward controller which cancels the admittance induced current. The same feed-forward
admittance path compensation concept is employed in this paper for the grid-tie inverter current
loop compensation. Dynamic model of the current loop controller for a fuel cell based power
conditioning system is derived with the complete inverter control system represented by two
admittance paths. The desirable path is duty cycle to the output current, and the undesirable path
is grid voltage to the output current. Two compensation methods are suggested in this paper for
the undesirable admittance cancellation. The complete inverter with and without compensation is
then simulated to show the effectiveness of the suggested compensation methods. With
successful demonstration of the simulation result, a DSP-based controller is then implemented
for a 5 kW solid oxide fuel cell power conditioning system. Both simulation and experimental
results indicate that even without the PR controller or dg-transformation approach, the steady-

state error can be largely reduced with the proposed admittance compensation method.
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2.2 Grid-Tie Inverter Control System Modeling

The fuel cell power conditioning system (PCS) requires that the inverter output be
controlled by the fuel cell BOP controller. Fig. 2.1 shows the control system of the inverter part
of the entire fuel cell PCS. A dotted line indicates the link between the fuel cell and the inverter
power command input, Py, which is then translated into the current command input, i, by
multiplying scaling factor, kx and synchronization signal, cos(at) produced by the digital phase
lock loop (PLL). The current loop controller Gj(s) is designed to compensate the error between
irer and the feedback sensed current, isense. The output of the current loop controller is the duty
cycle control signal, vq, which is typically a sinusoidal signal. By feeding v4(t) signal to the
PWM block, the output is gating signal, d. The inverter power circuit output needs a filter
inductor, L; to smooth the current and a solid state relay (SSR) to make grid interconnection.
The utility source voltage vq4 contains a source inductance Lg, thus the actual grid-tie voltage seen
by the inverter is the voltage between L; and Lg, or va.. Both output current i,c and interconnect
voltage v, are fed back to DSP through conditioning circuit and scaling. The v,c waveform
contains a large switching ripple with magnitude proportional to the ratio of Ly and Ls. Larger Ly
allows smaller voltage ripple, which, however, can be filtered easily without significant delay.
The filtered and sensed voltage, Vsense, IS t0 produce the synchronization signal cos(at) through

PLL and look-up table.

Fig. 2.2 represents the inverter control diagram using transfer function blocks: G;, and Gjz—
power stage transfer functions, G; — current loop compensator, F,, — PWM gain, Hj(s) — current

sensor gain, kP s — current reference gain.
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Fig. 2.1 Inverter control system of a fuel cell PCS
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Fig. 2.2 Inverter control diagram using transfer functions

Using the average inverter output voltage dVg, the transfer function blocks can be derived

in (2-1).

where g )= Ve and g (5)-

r+sL;

lac= Gia(S)d — Giv(S)Vac

1

r+sL,
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The overall equivalent admittance can be represented in (2-2), or in (2-3)

Y(S) — iac (S) _ Gid (S)FmHiGi(s) KP. H — Giv (S) (2_2)
Vo (S) 1+T, 14T (s)
Y(S) = Ticl : kx Pref Hv _Givcl (2-3)

where Ti=GijgFnHiGi, and Tig = GigFnGi/(1+T;). Defining Y(s) = Y1(s)+Y2(s) yields Yi(s) =
TickykPrefHy, and Y2(s) = =Gijy. The first admittance term Y3 is the closed-loop current reference-
to-current transfer function (current reference term), which provides desired input admittance
magnitude with zero phase below crossover frequency of the loop gain T;. The second

admittance term Y, is the closed-loop voltage-to-current transfer function (voltage term).
If Gi(s) is traditional Pl compensator in (2-4), then Y3 (S) and Y, (S) can be derived in (2-5)

and (2-6), respectively. Y, becomes a 90° lagging phase below the crossover frequency.

oL+ )
Gi(s) = ——2- (2-4)
S+ a)i)
p
Yl(s) = Pref kav (2_5)
__Gy(s) _ =S )
Ya(s) = 1+T.(5) (2-6)

S
H i I:mvdca)i (1 + )
[0

z

The admittance plot at 10% power command with Pl compensator for G;(s) in frequency
domain can be shown in Fig. 2.3. At 60 Hz, Y is in phase with v, and Y, has a 90° phase lag.
Note that the current induced in the Y, path needs to be multiplied with V., and thus the resulting
current will exceed 0 dB, which is noticeable even at the maximum power command condition.
At low power command, the current induced in Y, will eventually exceed that in Yy, and thus the

impact is very significant. Because Y, path current reduces the desired current, the resulting
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steady-state output will be less than the command input, and the situation gets worse at lighter

load conditions.

If Gj(s) is a double-pole-double-zero lead-lag compensator shown in (2-7), then Y, (s) and Y2
(s) can be derived in (2-8) and (2-9), respectively. Y, becomes a 180° out of phase below the

crossover frequency in (2-9).

w; (1+ i)2
Gi(s) = ——*— (2-7)
(L+—)?
@p
Yl(s) = Pref kav (2'8)
Yy(s) =l _ ! (2-9)

1+ Ti (S) H i I:decwi (1 + i)2
.

z
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Fig. 2.3 Admittance Y plot in frequency domain with uncompensated term(Y1) and lagging phase

term(Y>)
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2.3 Elimination of the Lagging Phase Admittance Effect

The separation of two components of the admittance suggests natural ways of eliminating
unwanted terms in Y(s). Fig. 2.4 and Fig. 2.5 show two possibilities of adding admittance
compensator. In Fig. 2.4, the admittance compensator is added at the summing junction before
the current loop compensator, which can be implemented with either analog or digital controller.
The compensator transfer function can be derived as shown in (2-10).

1
G = = v, R (2-10)

In Fig. 2.5, the admittance compensator is added after the current loop compensator, which
can be easily implemented with digital controller, but not with conventional analog PWM chip.

The compensator transfer function can be further simplified to (2-11) in this case.

6.9 =Y.~ (o @-1)

Here the derivation assumes the overall loop gain has sufficiently high enough gain at low

frequencies such as 50 or 60 Hz, which is by default required to lower the steady-state error.

Giv(s)
G(s)
Vac| [H (S)/ + ; Vyg d ac
PVLL Fm ] Gid(s) T
Pref @
Hi(s)

Fig. 2.4 Current reference correction method
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2.4 Current Loop Controller Design and Simulation

Since the duty cycle to output current transfer function contains a pole at zero frequency,
adding an integrator will move the phase angle of the complete loop gain down to —180°. Thus
the traditional Pl or PID controller will have a great deal of difficulty to satisfy stability
requirement unless a high-order zero is added. The PR control is a good approach to avoid the
use of integrator while providing high gain at the fundamental frequency or harmonic
frequencies. However, if the fundamental frequency is not matched with what the controller
expecting value, then it can generate errors. In additions, to implement PR control algorithm with
the fixed point digital signal processor takes long computation time. With the introduction of the
admittance compensation, it is also possible to design the controller with lead-lag compensation
simply just to provide high enough gains at low frequencies.

For the example system, the grid source inductance of the tested system was measured to be
Ly = 0.8 mH. To avoid much noise on the sensing signal and to reduce the output current ripple
as low as possible, the inverter filter inductance was selected to be Ly = 4 mH, which has an
equivalent series resistance of 0.15 Q. The low-frequency pole is about 6 Hz, or one decade
below 60 Hz. The current loop sensor has a gain of H; = 0.025 , a filter pole of 2 kHz in
hardware, and a filter pole of 7.5 kHz in software. The voltage loop sensor has a gain of H, =
0.0025 and a digital filter pole of 7.5 kHz in software. The PWM voltage gain can be determined
from internal DSP timer computation as F, =0.73. By selecting the crossover frequency at 400
Hz and phase margin of 93°, a double-pole-double-zero lead-lag compensator shown in Fig. 2.6,

can be designed controller with the result shown in (2-12).
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Fig. 2.6 Bode plot of the current loop gain

Base on the given parameters, the plant transfer functions can be expressed in (2-13) and (2-
14), respectively.

\Y 400
G_ S) = de = 2'13
0(8) r+sL, 0.15+4x10°s (2-13)

1 1
r+sL, 0.15+4x10°s

Gu(s) = (2-14)
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Fig. 2.7~Fig. 2.10 compares time-domain simulation results with and without admittance
compensation at two different load settings. Fig. 2.7 and Fig. 2.8 compare the power setting at
1.5 kW. Without admittance path compensation, the power actually flows back to the inverter,
which will charge up the dc bus capacitor and result in catastrophe failure. Fig. 2.9 and Fig. 2.10
compare the power setting at 4 kW. Without admittance path compensation, the power sending

to the inverter is 50 W.
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Fig. 2.7 Time-domain simulation results at Pr=1.5 kW without G.(s) compensation
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Fig. 2.8 Time-domain simulation results at Pr=1.5 kW with G¢(s) compensation
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Fig. 2.10 Time-domain simulation results at Pre=4 kW with G¢(s) compensation
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2.5 Experimental Verification

A PCS prototype that contains a dc-dc converter to boost the fuel cell voltage from 25 V to
400 V and a dc-ac inverter that produces 208 Vrms ac output for the grid connection is tested
with a solid oxide fuel cell (SOFC) simulator which mimics an actual low-voltage SOFC that has
a stack of 36 cells operating at 1000 °C. Fig. 2.11 shows test setup with the PCS prototype and
associated instrumentation. A precision current shunt is used to calibrate the current

measurement. The front panel of the case is open to show the DSP board.

Current shunt —t B e

SOFC simulator

PCS prototype

DSP board

Fig. 2.11 PCS prototype test setup

If the grid tie inverter is designed in universal purpose, then it can be implemented in 208
Vrms or 110 Vrms. In conventional PLL design, the PI gain should be changed with respect to
the peak voltage of utility grid. However, if the reference of the PLL is a unity magnitude, then

Pl gain is always constants. To synchronize the inverter current to the grid voltage, the software
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phase-locked loop (SPLL) is used. Fig. 2.12 shows the block diagram of the SPLL. The
orthogonal signal, V,sing, can be generated from the v, or Vi,cos, through passing the all pass
filter [30].

The reference signal of the SPLL becomes cos6 with a unity magnitude by dividing the

sensed voltage signal with the peak magnitude of the grid voltage.

Wff
V,.= V. cosé L 2] Veyneh
ac m Pl ,( )_, 1 cos [—
* S
V,sin@
> APF _
sin

Fig. 2.12 Block diagram of the software phase locked loop structure

Fig. 2.13 shows vac and Vsynen, Which is the internal synchronizing signal. Here Vgynen iS
obtained through the external digital to analog converter (DAC) circuit, which adds an extra time
delay in addition to the DSP sampling time. Nvertherless, the output of SPLL does not show any
appreciable delay and provides a pure sinusoidal signal to the controller that well synchronizes
the grid voltage vac. The startup locking takes just a little over one fundamental cycle.

The main difference between photovoltaic (PV) power system and fuel cell power system is
where the power command source comes from. The power command of PV system can be

determined by the maximum power tracking algorithm.
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Fig. 2.13 Synchronization waveform of vac and Vsyncn

In fuel cell system, the power command can be determined by the fuel cell plant. The power
command is provided by SOFC simulator from 0 to 10 V representing from 0 to 5 kW. Fig. 2.14
shows experimental results at 1.5-kW steady-state condition. Waveforms indicated that the fuel
cell voltage Vi = 28 V, fuel cell current I, = 65 A, output voltage v, = 300 Vpeak or 212 Vrms,
and output current i;c = 10 A peak or 7 Arms.

Fig. 2.15 shows experimental results at 4 kW steady-state condition. Waveforms indicated
that the fuel cell voltage Vi = 25 V, fuel cell current I;; = 167 A, output voltage v, = 300 V peak
or 212 V rms, and output current i,c = 26 A peak.

Notice that the sensed voltage is highly corrupted by the noise, which contains
electromagnetic interference (EMI) noise produced by the SOFC simulator and the inverter
switching noise. However, the ac output current is fairly clean due to sufficiently large inductor
in between.

It should also be noticed that without the proposed admittance compensation, the output

24



power would never reach 4 kW for the maximum setting of 5 kW.

28V

65A j

300V §

t:10ms/div

Fig. 2.14 Steady-state inverter operations at 1.5 kW condition

25V

167A

300V}

t:10ms/div

Fig. 2.15 Steady-state inverter operations at 4 kW condition

The proposed admittance compensation along with the lead-lag current loop controller can

give a nearly matched power setting with the PCS efficiency of 94 %.
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2.6 Conclusion

The admittance compensation method has been proposed and developed for a grid-tie
single-phase fuel cell PCS. The current loop transfer function has been systematically derived
with representations of conventional transfer function format and admittance terms for the sake
of controller design and feed-forward compensation. A 5-kW grid-tie PCS example was given to
show current loop controller design and admittance compensation. A second order lead-lag
compensator is proposed to avoid low stability margin while maintaining sufficient gain at the
fundamental frequency. The control loop gain deliberately sets a steady-state error that is closely
related to the PCS loss so that the commanded power from fuel cell matches with the PCS input

power, not the actual power sent to utility grid.

The proposed current loop controller and admittance compensation have been simulated,
and the same parameters have been used for a DSP based PCS inverter controller. Simulation
results indicate that without the admittance path compensation, the current loop controller output
duty cycle is largely offset by the admittance path. At light load settings, the power flow may be
erratically fed back to the inverter that can cause catastrophe failure. With admittance path
compensation, the output power shows a steady-state offset that matches the design value.
Experimental results well matched the mathematical design and simulation results. The dynamic
power ramp-up and -down were also tested to show stable and consistent operation with the

proposed controller design approach.
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Chapter 3 Admittance compensation in current loop control for

the grid-tie LCL Fuel Cell inverter

3.1 Introduction

A fuel cell system is known to have slow response with respect to load changes, especially
high temperature fuel cells such as solid oxide fuel cell (SOFC) and molten carbonate fuel cell
(MCFC). Thus the fuel cell inverter is more suitable for grid-tie connection applications in which
the dynamic requirement can be demanded by a slow current ramp and controlled by the fuel cell
balance of plant (BOP). The fuel cell power conditioning output, however, may see a current
transient during start-up and a finite current flow even at the zero power command, which are
undesirable conditions for the slow fuel cell systems. As identified in past papers [19-22], [29-
30], [53], [57-62], the major reason of this finite-current-flow problem, or steady-state-error
problem, is the lack of control loop gain at the fundamental frequency and harmonic frequencies.

The conventional proportional-integrator (PI) controller along with a feed-forward
compensator has been proposed in grid-tie inverter application in [57-60], [63]. Feed-forward
controller was designed to reduce the effect of the grid voltage [57], [59], [63] and to increase
dynamic response [60]. A proportional resonant (PR) controller [19-22], [53], [62] having
extremely high gain at the desired frequencies to reduce the amount of steady-state error is
proposed. It has shown superior performance to that of PI controller [20], [22], [53]. This PR
controller, however, has hardware implementation concerns including the limitation on finite
gain at the desire frequencies and being prone to numerical errors, which may cause a negative
power flow at start-up. Another way to solve this steady-state error problem is to use the single-
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phase d-g frame transformation method [29-30], [57], [61-62, [64]. With d-g transformation, the
error signal is regulated in dc quantity by an integrator to achieve infinite gain. This infinite dc
gain can then be transformed back to fundamental frequency to eliminate steady-state error.
However, all the frame transformations in feedback and control signals must be done within
every sampling cycle which needs intensive computational effort.

By analyzing the transfer function of the complete inverter system, the main cause of the
steady-state current error was found to be an unwanted current introduced by grid voltage
through an undesired admittance path. The main purpose of grid-tie inverter is to send power to
the grid, and the desired current should accurately reflect the command and be in phase with the
output voltage. The undesired admittance path contributes a large current that is 180 degree
phase shifted from the desired current flow. In a power factor correction (PFC) boost converter,
the admittance path was found to have major impact on the waveform distortion due to its
leading phase with respect to the line current [55], [64]. For the grid-tie inverter case, the
situation is similar [64-65], except that the leading phase becomes lagging phase.

In [55], [64-66], it was found that the current leading phase current distortion can be
compensated with a properly designed admittance compensator, which cancels the undesired
admittance loop induced current. The same admittance path compensation concept is employed

in this paper for the grid-tie inverter current loop compensation.

In this paper, the admittance compensator along with a quasi-resonant-proportional
controller is adopted. The combination allows smooth start-up operation as well as elimination of
the steady-state error over the entire load range. The design considerations of LCL filter such as
component selections and feedback positions will be also described in this paper. The studied

inverter system has been simulated with and without the admittance compensation during start-
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up and steady-state operating conditions to verify of the proposed compensation method. A 5-
kW solid oxide fuel cell power conditioning system (PCS) with digital signal processor (DSP)-
based controller has been implemented to further confirm the effectiveness of the designed
controller. Both simulation and experimental results suggest that the transient undershoot start-up
problem can be avoided, and the zero-current command can be well controlled with the proposed

admittance compensation method.

3.2 Grid-Tie Inverter Control System Modeling

Fig. 3.1 shows the control system of an LCL-based-filter fuel-cell power conditioning
system. Fuel cell is to provide the power with low voltage and high current to the dc-dc converter.

The dc-dc converter is to boost low voltage to proper dc link voltage, Vgc.

In this paper, grid-tie inverter is the main focus and is modeled with consideration that V.
IS constant because the dc-dc converter is controlled to keep Vg constant [9-10]. The inverter
output power command, P, comes from fuel cell BOP and can be translated into a current

command, irf, given the known grid voltage, vy.

Unlike other state-of-the-art approaches that utilize the equivalent circuit of the LCL circuit
and feed back either vg-ig, Vg-lac, OF Vac-ig pair for the control loop design, the proposed control

design is to use the inverter side current i, and capacitor voltage v, as the feedback signals.
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Fig. 3.1 Control system block diagram of an LCL-filter based fuel cell PCS inverter

Using the average inverter output voltage v; which equals dVq, the current-loop transfer

function can be derived in (3-1).

lac= Gid(s)d — Giv(S)Vac (3-1)
where
_ee(8) Ve ]
Gy (s) = d(s) L. (3-2)
and
Giv (S) — iac (S) — i (3_3)
sL.

ac I

Notice the resistive components are neglected because they do not impact the controller

design. Physically Giq represents the duty cycle to current transfer function, and G;, represents
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filter capacitor voltage to current transfer function. If the grid voltage v serves as the feedback,

the above transfer functions will become

Gy (o)== Valre Lo (3.4)
d(s)  s(L +L,)@+s*(L //IL,)C,)
and

v, (s) s(L + L)@+ sA(L /L,)C,)

If Ly and C; are small enough to be negligible or if we use i and vy as sensing and
feedback signals, then (3-4) and (3-5) can be simplified to (3-2) and (3-3), respectively.
Nevertheless, by using (3-2) and (3), the entire LCL current-loop transfer function can be

designed using a simplified L-filter inverter, as shown in Fig. 3.2.

I-i iac Lg lq I-i iac
fu\ T 2 S- I- fw —>°

DC-AC |, CC‘J_ L, P Iy | bcac ; '
Inverter | f ]’ ac g Inverter | ac
. 0 o0

Fig. 3.2 Simplified inverter power circuit from LCL-filter to L-filter

Fig. 3.3 represents the inverter control diagram using transfer function blocks: G;, — line-to-
output transfer function, Gjq — control-to-output transfer function, G; — current loop compensator,

Fm — PWM gain, Hj(s) — current sensor gain, and ky — current reference gain.
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Fig. 3.3 L-filter inverter control diagram using transfer functions

The overall equivalent admittance can be represented in (3-6),

Y(S) = iac (S) = Gid (S) FmGi (S) kx Pref Hv _GiV—(S) OrY(S) = Ticl : kxPref Hv _GiVCI (3'6)
V,.(S) 1+T,(s) 1+T,(s)

where Ti=GiqsFHiG;, and Tiq = GidFmGi/(1+Ti).

Defining Y(s) = Yi(s)+Y2(s) vyields Yi(s) = Tick«PrefHy, and Yo(s) = —Giya. The first
admittance term, Y3, is the power command P generated term, which provides desired output
generated by the inverter. The second admittance term, Yo, is the closed-loop transfer function
from vy to Iy, calculated by assuming that the inverter output voltage v; equals zero and the
solid-state relay (SSR) is connected. Note that the current induced in the Y, path needs to be
multiplied with v, thus the resulting current will be rather large, which is noticeable even at the
maximum power command condition. At low power command, the current induced in Y, will
eventually exceed that in Y;, which the current in Y, path reduces the desired current, and the
resulting steady state output will be less than the command input. The situation worsens at lighter

load conditions [65].
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3.3 Elimination of the Undesirable Admittance Effect

By observing the expression of Y(s), the undesired admittance effect can be eliminated by
adding one component, which is totally opposed to the second term in (3-4). As shown in Fig.
3.4 and Fig. 3.5, two possibilities to cancel the undesired admittance term can be observed. In
Fig. 3.4, the admittance compensator is added at the summing junction before the current loop

compensator. The compensator transfer function can be derived in (3-7).

1
" H,(SVgoF,Gi(5)

G.(s) =Y, () 3-7)

The above derivation assumes the overall loop gain has sufficient gain at low frequencies
(50 or 60 Hz), which is needed to lower the steady-state error. In Fig. 3.5, the admittance

compensator is added after the current loop compensator, which can be expressed in (3-8).

1
G.(s)=-Y,(s) = W (3-8)
\ dc' m

Fig. 3.6 shows the block diagram of the admittance terms to explain the role of the
admittance compensator. Differently with the conventional feed-forward control in [57-59], the
admittance compensation is well defined and derived in order to reject the admittance
disturbance induced from grid voltage, v4. Equation (3-6) indicates that G, can be implemented

as a single value in DSP.
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Fig. 3.6 Admittance terms block diagram
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3.4 LCL Filter for the Grid-Tie Inverter

Generally, grid-tie applications require the designed inverter to meet the current THD within
some ranges [18-19], [34]. Higher output current quality can be obtained if the output filter is
configured as LCL type. The LCL filter configuration also allows the inverter to operate as a
universal inverter. With configuration shown in Fig. 3.7, the inverter output is a standalone load.
With configuration shown in Fig. 3.8, the output can be sent to the utility grid by engaging SSR,
which is to provide switch turn on at zero crossing point to minimize voltage spike. Compared to
the L-filter-based inverter, the LCL filter configuration allows more flexible inverter usage and
also provides more attenuation of switching ripple for the grid side current. Some design

considerations need to be taken into account when the LCL filter is utilized in the inverter system.

The first design consideration is the selection of components which can be determined by
setting criteria on ripple current and filtering criteria. First of all, the inverter-side inductor L; can
be selected by the ripple current on the inductor. A larger inductance value allows a smaller
inductor switching ripple; however, a large inductance value will increase the cost, volume and
weight of the inductor. Thus, the choice of the inductor value is a trade-off between ripple
current specification and cost. Second, the filter capacitor C; is calculated by the cut-off
frequency of the L;-Cs second-order filter for the output voltage v,c under standalone mode. The
cut-off frequency of the L;-C; filter is suggested to be between 5 times less than switching
frequency and 5 times higher than the fundamental frequency. Next, the grid side inductance L
is selected by the cut-off frequency of the Ct-L; second-order filter for the output current iy of

grid-tie connection.
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The second design consideration to implement the LCL filter for the inverter system is the
position of feedback signals. For the simple L-filter based circuit, the control system employs the
voltage right after inverter-side inductor L;, vac as feedback voltage and the current through L, iac
as feedback current. For the LCL filter case, four possible sensing signals iac, ig, Vac, and vy and
be used for feedback control. The proposed sensing combination is to use the voltage across filter
capacitor Cs, vy and the current through L;, i4c as feedback signals. In this case, the L-filter-based
admittance compensated current controller can be easily adapted. The current loop transfer
function remains a first-order equation. More detailed analysis about LCL filter design and issues

can be referred to [28], [62-63], [67-69].

Fig. 3.9 shows the block diagram of the complete LCL-filter based inverter control system.
In a typical power circuit design, capacitor Cs is in the order of uF range, and the added 60-Hz

current is in mA range. Thus, a small added leading phase current of this capacitor loop is
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negligible and will not affect the first-order control system.
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f
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sC;

Fig. 3.9 Block diagram of the complete admittance compensated LCL-filter based grid-tie

inverter
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3.5 Current Loop Controller Design and Simulation

For the tested system, the grid source inductance was measured to be Ls = 0.8 mH. To avoid
much noise effect on the sensing signal and to reduce the output current ripple as low as possible,
the inverter-side inductance was selected to be L; = 3.6 mH. The low-frequency pole of the
inverter-side inductor, L; is about 6.6 Hz, or about one decade below 60 Hz. The filter
capacitance was chosen with C; = 2 uF, which in combination with L; will result in a second-
order voltage filter that has a 1.88 kHz cut-off frequency for standalone mode. The grid-side
inductance was selected to be Ly = 0.5 mH, which has an equivalent series resistance of 0.01 Q.
The combination of C; and Ly will constitute a second-order current filter at 5.03 kHz for grid-tie
connection. The current loop sensor has a gain of H;= 0.01667 and a double pole of 3 kHz from
hardware low-pass filter. The voltage loop sensor has a gain of H, = 0.0025 and a double pole of

2 kHz from hardware low-pass filter.

Because the duty-cycle-to-output current transfer function Gjqy shown in equation (3-1)
contains a near-zero-frequency pole, the addition of a traditional I or PI controller to increase the
loop gain will make the system unstable for lack of phase margin. The PR control is an
alternative to avoid the use of an integrator while providing high gain at the fundamental
frequency or harmonic frequencies. In order to reduce steady-state error at the fundamental
frequency, a quasi-proportional-resonant controller [19] is selected below:

2k. @S
s° +2w,5+w,

G.(s)=k, + ©)
Here k; is proportional gain, k. is the resonant gain, and . is equivalent bandwidth of the
resonant controller. By choosing k, = 2.512 with variations of w. and k, values, the Bode diagram
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of the current controller can be plotted on Fig. 3.10. In principle, the bandwidth w. needs to be as
small as possible, but for digital implementation, it is quite difficult to realize a small w.. A large
¢, however, will introduce a phase lag toward the crossover frequency and decrease the phase
margin. As shown in the Fig. 3.10, with w.= 50 and crossover frequency of 758 Hz, the phase
margin is reduced by 18.5°. Equation (3-9) indicates that the controller gain at fundamental
frequency can be increased by increasing either k, or k, values. However, the k, gain can not be
too high because it boosts the gain at all frequencies and will drop the system gain margin. As
shown in the Fig. 3.10, the k; gain also cannot be too high because it will reduce the phase

margin at the desired cross-over frequency.

The PR controller implemented with TMS320F2808 DSP has been measured with a
frequency response analyzer. Fig. 3.11 shows the frequency response measurement results with
ko =2.512, wc = 10, k; = 50 under 20-kHz sampling frequency. The measured gain and phase

results well match the simulated frequency response below the crossover frequency.
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Fig. 3.10 Bode plot of PR controller with different w. and k; values
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Fig. 3.11 Frequency response measurements with designed PR controller

Using the above current loop controller and system parameters, the open-loop gain L(s) and
compensated loop gain T; (s) are plotted in Fig. 3.12. The open-loop gain can be represented as
L(s) = FnHiGig while the compensated loop gain is defined as T; (s) = GiFnHiGig. As shown in
the Bode plot, the designed controller boosts the loop gain to 50dB at the fundamental frequency.

The crossover frequency and phase margin are 758 Hz and 48.3°, respectively.

Bode Diagram
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Fig. 3.12 Bode plot of the current loop gain with and without compensator
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Fig. 3.13 and Fig. 3.14 show the comparison of the simulation results with and without
admittance compensation at zero power command start-up in time domain. Without the
admittance path compensation, power flows back to the inverter during first simulation cycle,
which will cause the dc bus capacitor to be charged and may result in catastrophe failure.
Furthermore, fuel cell does not want to draw any current at zero power command due to its slow
response. The simulation result shows that the addition of the admittance compensation avoids
current transient during system start-up and also draws near zero current at zero power
command. Fig. 3.15 shows the simulation result with designed current controller and Gc(s)
compensation at peak current command I, o = 20A. With G¢(s) compensation, the negative
current, or disturbance term, caused by the plant can be totally compensated. Therefore, the grid-
tie connection can be controlled like a simple feedback control without any disturbance term
involved. The steady-state error can be estimated directly by the compensated loop gain. The
simulation result shows that the current almost follows the 20A command with a negligible error,

which is consistent with the Bode plot shown in Fig. 3.12, where the gain at 60Hz is near 50dB.
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Fig. 3.13 Simulation results at zero power command start-up with admittance compensation
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Fig. 3.14 Simulation results at zero power command start-up without admittance compensation
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Fig. 3.15 Simulation results at peak current command I, ok = 20A with designed current

controller and G(s) compensation

43



3.6 Experimental Verification

A PCS prototype that contains a dc-dc converter to boost the fuel cell voltage to 400V and a
dc-ac inverter that produces 208V ac output for the grid connection is tested with a solid oxide
fuel cell (SOFC) simulator, which mimics an actual low-voltage SOFC that has a stack of 41
cells operating at 1000°C. Fig. 3.16 shows the polarization curve derived from an SOFC
simulator [3]. The fuel cell voltage and current are represented with Vi, and I, respectively. The

studied system has a nominal 5-kW output and Vi and I in the neighborhood of 26V and 200A.

ps

I It
er sulopf y voltage

Voltage (V)

o
a
o

100 150 200 250 300
Stack Current (A)

Fig. 3.16 V-I curve of the solid oxide fuel cell simulator

Fig. 3.17 shows the experimental results under the 3-kW standalone-mode condition. The
test condition also includes a 500-Q resistor at the dc-link to discharge the capacitor after
experiment. The results indicate that the inverter voltage control loop works well in the

standalone mode, where the output voltage and current are fairly clean. A small zero-crossing
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distortion is observed due to dead time requirement and finite gains at the harmonic frequencies.

The well-known 120-Hz ripple is also observed at the fuel cell current.

300V ] 8

23.8A |

t:10ms/div

Fig. 3.17 Input and output waveforms of standalone mode operation under 3kW condition

Fig. 3.18 and Fig. 3.19 compare the experimental results without and with admittance
compensation at zero power command start up. Without admittance compensation, shown in Fig.
3.18, the PR controller experiences a negative startup transient current and 100-W output power
Po. With admittance compensation, as shown in Fig. 3.19, the startup transient is eliminated, and
zero power output is controlled as demanded. Although a 4-W output is observed, it can be

considered as measurement error and will not cause any impact to fuel cell operation.
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Fig. 3.18 Experimental results at zero power command start-up without compensation
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Fig. 3.19 Experimental results at zero power command start-up with compensation
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Fig. 3.20 shows the experimental results under 20A peak current command grid-tie
condition. Waveforms indicate that the output voltage and current are in phase. A small zero
crossing distortion is observed again due to finite gain at harmonic frequencies and dead time
effect. Nevertheless, the output current follows the command very well, which suggests the
proposed admittance compensation along with QPR controller allows precise power control from

zero to high power.

20A

t:10ms/div

Fig. 3.20 Experimental results at peak current command Iy, ok = 20A with designed controller

and G¢(s) compensation

Fig. 3.21 and Fig. 3.22 show the experimental results under dynamic power ramping up
from 2.5 kW to 4 kW and ramping down from 4kW to 3kW to show stable and consistent

operation.
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Fig. 3.22 Dynamic response of the power ramping down from 4 kW to 3 kW
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Although the proposed controller design does not impact the inverter efficiency, the tested
PCS efficiency profile with SOFC simulator test is reported here, as shown in Fig. 3.23, for
reference. The dc-ac inverter efficiency 7pc-ac including output filter stage peaks at 98% at near
full-load condition. This implies that without the output stage LC filter, the power stage dc-ac
inverter efficiency approaches 99%. The dc-dc converter efficiency 7pc.oc peaks at 96.4% at
about half load. The overall system efficiency 7sysem peaks at 94% in the load range from 70%
to 90%. The test has been extended to 6kW, or 20% overload condition. The system efficiency

maintains above 92% from 2kW to 6kW range.

100
98
96
94
92
90
88
86
84
82
80 4+t
1000 2000 3000 4000 5000 6000
Output Power (W)

\ — =

_/ ‘\

17 System

Efficiency (%)

o

Fig. 3.23 PCS efficiency profiles under SOFC simulator test
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3.7 Conclusion

The steady-state error problem in a fuel-cell power conditioning system has been studied
through transfer function derivation. The current loop transfer function for an LCL grid-tie
inverter has been derived with representation of admittance paths. The LCL filter circuit allows
inverter operating in both standalone and grid-tie modes. By selecting proper sensor positions,
the LCL-filter system can easily adopt the similar control diagram that is used in the L-based
controller. This selection of sensor positions also allows first-order system transfer function to be
used to simply the controller design. Along with the admittance compensation, a quasi-
proportional-resonant current controller has been designed to significantly increase the loop gain
at the fundament frequency, while maintaining enough phase margins to ensure closed-loop

stability.

The proposed controller has been simulated and implemented in a DSP-based 5-kW PCS.
Without admittance compensation, both simulation and experiment results show a significant
startup transient and non-zero output at zero power command. The power flow in the first cycle
is reversed, and the energy is erratically fed back to the inverter, which may cause over voltage
in the dc link and result in catastrophic failure. With admittance compensation, a smooth startup
was observed in both simulation and experiment results. The zero current command can be

precisely achieved.

There are other benefits of applying the proposed admittance compensation technique. For
example, in the control loop design, the disturbance term is totally cancelled, and the controller
can be designed with the conventional feedback theory to ensure the stability margin. The added

QPR controller further reduces the steady state error at the fundamental frequency. In the end,
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the time-domain steady-state behavior can be precisely predicted by the frequency domain

design.
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Chapter 4 A wide range precise active and reactive power flow

controller for a solid oxide fuel cell power conditiong system

4.1 Introdution

A grid-tie fuel cell power conditioning system (PCS) can be designed to have active and
reactive power flow capability [70-72]. For solid oxide fuel cell (SOFC), such a power flow
controller needs to be precise because SOFC has a slow time constant, and a mismatch of power
flow may cause stability problem of its balance of plant (BOP) [73].

Past work [17], [19-20], [23], [53] suggested that using the proportional resonant (PR)
controller can achieve precise active power flow control. It is also possible to use dg-
transformation, PQ theory, or Hilbert transform to reduce the steady-state error by controlling the

rotational frame active and reactive power components [30], [74-75].

In an active front end boost converter, the admittance path was found to be the major cause
of the waveform distortion due to its leading phase with respect to the line current [55], [64]. By
introducing feed-forward compensation, it is possible to cancel the admittance path induced
current and therefore eliminate the waveform distortion. Such an admittance compensation
technique also helps the precision control for the reactive power compensation in the active front
end converter [64]. In [65-66], the admittance compensation technique was successfully applied
to active power control in a grid-tie inverter. As indicated in [66], by combining the admittance
compensation and quasi proportional resonant (QPR) controller, the active power flow can be

precisely controlled from zero to full power.
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The proposed power flow control approach has been analyzed with mathematical modeling.
The current loop controller is then designed using frequency domain compensation technique
and implemented with bilinear transformation for program coding. The entire controller is
implemented with TMS320F2808 digital signal processor (DSP). A 5-kW SOFC PCS is used as
the power stage platform, which includes a 5-kW dc-dc converter that converts 27 V to isolated
420 V and a 5-kW dc-ac inverter for the grid-tie power flow control. An SOFC simulator is used
to emulate the fuel cell source. The entire PCS hardware prototype has been built and tested to

show power flow operation from —5kVAr to +5kVVAr and to verify the simulation results.
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4.2 Control Sytem Modeling for the LCL Filter Based Grid-Tie Inverter

Fig. 4.1 shows the active and reactive power control system of the LCL-filter based grid-

tie inverter as a part of the entire fuel cell PCS.
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Fig. 4.1 Proposed inverter control system of a fuel cell PCS

The active power command, Py, which is commanded by the fuel cell BOP, and the
reactive power command, Qs Which can be provided by the distributed generation (DG)
control site, can be translated into the current command input, i, by dividing the power
command with the inverter output peak voltage, Vi, and subtracting the output voltage phase
information, 6,, produced by the digital PLL. The admittance compensator G¢(s) is designed
to reject a disturbance, which is due to the inverter output voltage, vac, acting on the power
plant transfer function, G;,(s). The current loop controller Gj(s) is designed to compensate the

error between i, and the feedback sensed current, is,. The output of the current loop
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controller is the duty cycle control signal, v4(t), which is typically a sinusoidal signal. By
feeding vy(t) signal to the PWM block, the output is gating signal, d. The inverter power
circuit output needs an LCL filter, L,1-Co-Loz, to Smooth the current and a circuit breaker (CB)
to make grid interconnection. The utility source voltage, vg, contains a source inductance Ly,
thus the actual grid-tie voltage seen by the inverter is the voltage between Lo, and Lg, Or Vac.
Both output current i, and interconnect voltage v, are fed back to DSP through conditioning

circuit and scaling.

Fig. 4.2 represents the inverter control diagram using transfer function blocks: G;, and Gjgz—
power stage transfer functions, G; — current loop compensator, F, — PWM gain, Hj(s) — current

sensor gain.

Yo || HG)
PLL

4

—f Find S 9
—! and ¢
Qref

Fig. 4.2 Proposed inverter control diagram using transfer functions

The output current i, can be derived in (4-1) from Fig. 4.2

iac(S) = Gia(s)d(S) — Giv(S)Vac(S) (4-1)
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where d(s) is the duty cycle, Gig(s) is the duty cycle to output current transfer function, and,
Giv(s) is the capacitor voltage to output current transfer function. These two transfer functions

can be derived as follows.

iac (S) _ Vdc

G,(s)= 4-2
6 () d(s) r+sby (4-2)
G, ()=t 1 @-3)
V,.(S) r+sky
The overall equivalent admittance can be represented in (4-4),

20 (8) = Ve ()Y (8) = Vo (8)Y1(8) + Vo (S)Y (S) (4-4)

Here Y1(s) and Y,(s) represent two admittance terms and can be obtained as follows.
v,(s) = Se OFHGE) | geogat+07) (4-5)

1+T,(s)
G, (s

Y, (5) = - (@-6)

1+T,(s)

where T;is the current loop gain, or Ti= GjgFnHiGi.
The reference active and reactive power can be used to calculate the apparent power

reference S” and power factor angle reference ¢, as shown in (4-7) and (4-8).

S "= \, Pref ? + Qref ? (4'7)

¢* = 4tan_1(Qref/ I:)ref) (4-8)
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4.3 Compensator Design

The first admittance term Y; in (4-5) is related to the closed-loop current reference-to-
current transfer function (current reference term), which provides desired input admittance
magnitude with proper phase below the crossover frequency of the loop gain T;. The second
admittance term Y is related to the closed-loop voltage-to-current transfer function (voltage term,
or lagging phase admittance term), which has a 90° lagging phase below the crossover frequency.
At low power command, the current induced in Y, will eventually exceed that in Y;, and thus the
impact is very significant. Because Y, path current reduces the desired current, the resulting
steady-state output will be less than the command input, and the situation gets worse at lighter

load conditions.

4.3.1 Admittance Compensator for the Enhance Stability

The separation of two admittance terms suggests natural ways of eliminating unwanted
terms in Y(s). There are two possibilities of adding an admittance compensator G¢(s): one is to
add to the current reference summing junction, and the other is to add to the output of the current
loop controller Gi(s). Fig. 4.3 shows the block diagram of the compensated system that adds G.(s)
after Gj(s). This arrangement allows the design of G¢(s) to be independent from G;(s), which can

be seen from the following derivation result.

G, (s) =-Y,(s) = m (4-9)

57



Eq. (4-9) indicates that the admittance compensator is proportional to the inverse of the dc

bus voltage Vyc, voltage sensor gain, and the PWM gain.
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| c
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Fig. 4.3 Block diagram of the adding admittance compensator after the current loop controller

4.3.2 Proportional and Resonant Compensator

In order to reduce the steady-state error at the fundamental frequency or to provide a high
gain at 50 or 60Hz, the quasi-proportional-resonant (QPR) controller, as shown in (4-10), is
adopted for the current loop controller, which can provide a high gain at the fundamental
frequency without phase offset.

YA SORS

G.(s)=k, +
(5) P SZ+2a)CS+a)O2

(4-10)

Here, k; is a proportional gain, k; is a resonant gain, and w. is an equivalent bandwidth of the
resonant controller. With circuit parameters L1 = 3.6 mH, Lo = 0.5mH, Ly =0.8 mH, and C, = 2

pF, the QPR controller was designed to have the following parameters: k, = 2.512, k; = 50, @ =
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10 rad/sec, and @, = 27-60 rad/sec, and the resulting loop gain is 50dB at the fundamental
frequency, or 60 Hz in this case. The crossover frequency and phase margin are 758 Hz and

48.3°, respectively.

4.3.3 Control for the Active and Reactive Power Flow

With the help of the admittance compensator for disturbance rejection and the QPR
controller for providing the high gain at the fundamental frequency, a scalar current control
approach is proposed to provide the active and reactive power control. The main role of the
controller is to generate a current reference signal with respect to the Pre, Qrer, and Vae. TO
synchronize I,c with Vg, a simple software phase-locked loop (SPLL) is adopted [21]. Fig. 4.4
shows the block diagram of the SPLL structure. Here the grid-voltage signal, Vg, is divided by
its peak voltage, Vm, to obtain the PLL input voltage with unity magnitude, or V; = cosé,. By
multiplying Vi, and the feedback voltage, Vs, the phase error can be detected by its offset voltage.
A low pass filter (LPF) filters the high-frequency portion and converts the phase error to a
voltage signal. The voltage controlled oscillator (VCO), which consists of a feed-forward angular

frequency, wy, and an integrator, provides phase out, 6.
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Fig. 4.4 Block diagram of the software phase locked loop

To avoid trigonometric computation in DSP, the orthogonal signal, Vysind,, can be
generated from the sensed vac, or Vncosé,, through an all pass filter (APF), which provides the

same magnitude but 90° phase delay signal [30]. The square math block produces the peak

voltage of V. through the following computation.

V, =4V,? cos? 6, +V, 2 sin’ 6,

Fig. 4.5 shows the block diagram of the current reference computation, which is to provide
the current reference peak and phase information with respect to Pyef, Qrer, and Vac. Based on Pt

and Qper, the phase reference, or ¢, can be obtained in (4-

(?ref

ref

¢* =tan " ( ):gi*_gv

60

12):
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Fig. 4.5 Block diagram of the current reference computation

The current phase reference can be obtained by subtracting the voltage phase, as shown in

(4-13):
0" =¢ -0, (4-13)

The current reference peak or I, , can be obtained from the magnitude of the apparent

power divided by the voltage magnitude, as shown in (4-14):

I m* = Vi\, Pref ’ + Qref ? (4'14)

m

4.3.4 DC Bus Voltage Requirement Analysis Using Phasor Diagrams

Fig. 4.6 shows a grid-tie LCL inverter circuit on the right side and its equivalent circuit on
the left side. It can be simplified, because i, and v, are used as the feedback current and voltage

signals for the current loop control.
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Fig. 4.6 Simplified grid-tie inverter circuit

Usually, the dc bus voltage can be determined to provide enough voltage in real power
condition as shown in Fig. 4.7. Here the inverter terminal voltage vin, needs to be higher than the
output voltage measured at the capacitor filter, vac, with a voltage difference of IR + jlacX. Here
X = wlo1. When the phase current is 90° leading, or capacitive type reactive power compensation,
as shown in Fig. 4.8, the required Vin, is much reduced because jl,cX is 180° output of phase
from V4. However, when the phase current is 90° lagging or under pure inductive type the
reactive power condition, as shown in Fig. 4.9, the required Vin, is largest because jIX is in phase
with Vqc. Since Vi, is directly proportional to the dc bus voltage minus two device voltage drops,
Ve, and the duty cycle, d, i.e., Viny = d(V4c — 2Vee), insufficient dc bus voltage Vg can easily
saturate the duty cycle under lagging power flow condition. Therefore, to achieve wide range
reactive power compensations, it is necessary to have sufficiently high enough Vg to avoid duty

cycle saturation, which will subsequently cause the waveform distortion.

If a grid-tie inverter is designed for the active power flow only, then Vj,, can be obtained in

(4-15), as referring to Fig. 4.7.

Vi =4 Vo + e -R)Z+ (1, - X)? . (4-15)

62



ny anC'X

ac
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Fig. 4.8 Phasor diagram with leading reactive power only
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Fig. 4.9 Phasor diagram with lagging reactive power only

If a grid-tie inverter is designed for the lagging reactive power flow only, then Vi,, can be

obtained by referring to Fig. 4.9.

Vinv :\/(Vac-’_Iac'x)z"'(lac'R)2 (4'16)

With considering of the device voltage drop, the dc link voltage, Vg4 can be calculated in

(4-17).

V

Vg, ==+ 2V (4-17)

ce

The inverter duty cycle can be expressed as a function of modulation index, M, or d =

M -cos(mt).
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4.4 Simulation and Experimental Verificaiton

4.4.1 DC Bus Voltage Requirement Verification

Fig. 4.10 and Fig. 4.11 show simulation results for the mix of active and lagging reactive
power control condition. Fig. 4.10 shows distorted i, due to insufficient V4., which was set at
400 V. Fig. 4.11 shows a clean sinusoidal i,c when V. is sufficient. In this mixed active and
reactive power flow case, the dc bus voltage was increased to 410 V.

The above simulation case clearly indicates the need for a higher dc bus voltage under
reactive power flow condition. For an example 208-V rms, 5-kVA SOFC PCS, the circuit
parameters and test condition are: R = 0.15 Q, L = 3.5 mH, V4. = 208 V or 220 V rms, and @ =
2n-60 rad/sec. Fig. 4.12 shows the voltage requirement for the entire power factor angle range
under 5-kVVA condition. The power factor angle is defined as the phase angle of the current with
respect to the phase angle of the voltage. Here Vi, was calculated using (4-16), and V4. was
calculated using (4-17). The results clearly indicate dc bus voltage needs to be higher under
lagging power factor angle than under leading power factor angle condition. The modulation
index was limited to 0.85 to avoid short-pulse effect on the voltage magnitude, and the device

voltage drop V¢ was assumed to be 2 V in the calculation.
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Fig. 4. 10 Simulation results of the active and reactive power with insufficient V.
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Fig. 4. 11 Simulation results of the active and reactive power with sufficient Vg4
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Fig. 4.12 indicates the dc bus voltage needs to be at least 404 V at the 208 V-rms line and

420 V at the 220 V-rms line for 5-k\VVA condition.

450 T
g T Ve ak 220 V line
= 400 | ‘/\ V,.at 208 V line
% 350 | T
§ T / \i\
® 300 T / —
o 1 V, at208V|ine>‘
E 250 : inv \\
E T V;, at 220 V line

200 4t

-90 -60 -30 0 30 60 90

Power factor angle (°)

Fig. 4. 12 Voltage requirements with respect to the power factor angle at 5-kVVA condition

For lower power, the voltage requirement can be scaled down. For example, at 45° lagging
reactive power 3.5 kVA condition, the calculated V4. should be 399 V for 220 Vrms line. Fig.
9(a) shows experimental results with V4. = 395 V. Under such insufficient dc bus voltage level,
the grid current iy is distorted. Note that vy is the duty cycle control voltage, which has a flat top

in Fig. 4.13 and is apparently saturated.

Fig. 4.14 shows the experimental results under the same power condition, but with dc bus
voltage increased to 416 V. In this case the duty cycle control voltage v4 does not saturate, and

the waveform distortion completely disappears.
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Fig. 4. 13 Experimental results with V4. = 395 V for the mixed 2.5 kW active and 2.5 kVAr

lagging reactive power command
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Fig. 4. 14 Experimental results with V4. = 416 V for the mixed 2.5 kW active and 2.5 kVAr

lagging reactive power command
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4.4.2 Wide Range Power Flow Control Verification

With the proposed admittance compensation, the output power can be effectively controlled
from zero command to full power command. Fig. 4.15 shows experimental dc bus voltage Vyc, ac
grid voltage vq, and output current ig under zero power command condition. The output power is
5-W in this case. Although the proposed system using admittance compensation and PR
controller can precisely control the active and reactive power flow, it cannot fully eliminate the
steady-state error due to finite PR gain and limitation of actual hardware and software

implementation. However, an error of 0.1% is acceptable for most applications.

v,(100V/div) Ve (200V/7dIv)

Time(10ms/div)

Fig. 4. 15 Experimental results for the zero power command

In Fig. 4.16, the upper window indicates pure 1-kVAr leading reactive power condition, the
middle window indicates pure 1-kW pure active power condition, and the lower window
indicates pure 1-kVAr lagging reactive power condition. Similar experimental results can be
seen in Fig. 4.17 at a higher power level. In Fig. 4.17, the upper window indicates pure 5-KVAr

leading reactive power condition, the middle window indicates pure 5-kW pure active power
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condition, and the lower window indicates pure 5-kKVAr lagging reactive power condition. With

the change of power command from leading to lagging, the phase of iy shifts from 90° to —90°.
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Fig. 4. 16 Experimental results of the 1kVVAr leading reactive power command, 1kW active

power command, and 1kVAr lagging reactive power command
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Fig. 4. 17 Experimental results for the 5kVAr leading reactive power command, 5kW active

power command, and 5kVAr lagging reactive power command

Fig. 4.18 shows experimental results for the mixed active power and reactive power flow
condition. The upper window shows voltage and current waveforms under 3.5-kW active power
and 3.5-kVAr leading reactive power commands. The grid current iq clearly shows 45° lead over
the grid voltage vy. The lower window shows the voltage and current waveforms under 3.5-kW
active power and 3.5-kVAr lagging reactive power commands. In this case, the grid current ig
clearly shows 45° lag behind the grid voltage vy. With the change of the power command from
leading to lagging, the phase of iy shifts from 45° to —45°. From both Fig. 4.13 and Fig. 4.18, it
can be concluded that the proposed technique can effectively control a wide range active and

reactive power flow.
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Fig. 4. 18 Experimental results for the 5k\VVA apparent power with 3.5kW active power command
and 3.5kVAr leading reactive power command, and the 5kVVA apparent power with 3.5kW active

power command and 3.5kVVAr lagging reactive power command
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4.5 Conclusion

A wide range active and reactive power flow control has been proposed for grid-tie solid-
oxide fuel cell power conditioning systems. The key to achieving smooth lagging reactive power
control is the dc bus voltage. The key to achieving precision power flow control is to incorporate
the QPR controller in the current loop to ensure high loop gain at the fundamental frequency and
the admittance compensator to ensure cancellation of the grid voltage induced negative power

flow.

It was found that under lagging reactive power flow control, the dc bus voltage needed to be
higher than what was originally designed for the active power flow control. Without increasing
the dc bus voltage, the output current waveform tends to be distorted because of duty cycle
saturation, which agrees with the phasor analysis results. By increasing the dc bus voltage setting
from 400 to 420 V, the waveform distortion disappeared, and entire range of rated active and

reactive power flow control was achieved.

The current loop transfer function has been systematically derived with representations of
conventional transfer function format. A 5-kVA LCL-based grid-tie inverter for the fuel cell PCS
was used as the platform to show current loop controller design and admittance compensation.
The QPR controller was adopted to obtain a sufficient gain at the fundamental frequency while
maintaining a sufficient stability margin. Adding an admittance compensator helps cancel the
negative power flow induced by the grid voltage, thus allowing precision power flow control at

low power level.
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The proposed active and reactive power flow control approach has been simulated, and the
same parameters have been used for a DSP based PCS inverter controller. Both simulation and
experimental results indicate that the grid-tie inverter can provide from zero power command to
full range active and reactive power. Overall analysis and simulation have been well verified
with the hardware experiments. Due to finite QPR gain and hardware and software precision
limitation, the output power error was found to be 0.1%, which should be acceptable to solid
oxide fuel cell and most other energy flow control applications. The design with the use of
sufficient dc bus voltage level, the QPR current loop controller, and the admittance path

compensation has been proven effective for a wide range active and reactive power flow control.
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Chapter 5 Versatile Utilization of three half-bridge single phase
grid tie inverters four wires configuration for the renewable energy

distributed generation

5.1 Introduction

One of the main issues of power system engineering is how to realize smart grid
technologies; which is the power system that is capable of handling distribution resources,
providing more economical service to end-users, and maintaining its conditions [76]. Renewable
energy sources are getting more attention as distributed generations in a smart grid [77], [78]. A
power conditioning system (PCS) is a bridge to connect renewable energy sources to the utility

grid [1].

Due to uneven or non-linear loads, grid voltage can be unbalanced inducing severe adverse
effects such as reduced efficiency and decreased life of the system [79]. Active filters can be
designed to correct unbalance voltage conditions [80], [86]. PCSs are not only capable of
transferring energy from renewable energy sources, but also supporting utility grid conditions

using either reactive power flow control [87] or negative sequence current control [88].

For the three phase current control scheme, proportional and integral control with
synchronous frame reference current control [18] or proportional and resonant (PR) control with
stationary frame reference current control [62] are proposed in order to provide high gain at the
fundamental frequency range. Based on synchronous reference frame current control, space

vector pulse width modulation inverter with feed-forward controller provides good dynamic
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performance [81]. In addition to, direct power control with hysteresis band control [82],
predictive current control [83], and pole placement current control [84] are proposed. All

proposed control schemes are useful for balanced symmetrical system only.

For the unbalance grid voltage condition, three phase four wire configuration is required.
[86] derived a current-regulated control method for a PWM voltage converter with four wires.
Three PR control with synchronous frame reference was proposed to interface renewable energy

to grid and provide unbalanced voltage correction by adding modular manner [87].

For single phase grid-tie inverter applications, PR current control can be a useful control
scheme [20]. Admittance compensation was proposed based on frequency domain analysis in
order to eliminate the disturbance of grid voltage [65-66]. An active and reactive power flow

controller can be designed with PR control and admittance compensation [88].

In this paper, three half-bridge single phase grid-tie inverters based on the half-bridge single
phase grid-tie inverter current control design is proposed for the versatile utilization of three
grid-tie inverters as a renewable energy PCS. A half-bridge single phase grid-tie inverter is
derived with transfer function blocks. Its controller is designed with PR controller and
admittance compensation. For three phase operation, there are two current reference modes. One
is constant current mode and the other is constant power mode. Constant power can be active
power command only, reactive power command only, or combining active power and reactive
power command in order to help utility grid unbalance condition. The entire controller is
implemented with TMS320F2808 digital signal processor (DSP). A 3-kW PCS hardware is used
as the power stage platform. A hardware prototype has been built and tested to show operation of

power and to verify the simulation results.
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5.2 Modeling and Control of the Half-Bridge Single Phase Grid-Tie Inverter

Fig. 5.1 shows the proposed a half-bridge single phase grid-tie inverter configuration. Two
renewable energy voltage sources, 1/2Vy., provide power and the middle point of two dc link
capacitors, Cqc, Is connected to the neutral point of the grid phase voltage source. Two IGBT
devices produce pulse width modulation (PWM) signals and inverter output filter inductor, L,
and output filter capacitor, C;, make the square signals into smooth sinusoidal signals. Single
phase grid voltage, Vy, can be supplied through the grid line inductance, Ly and the capacitor
voltage, vy Is the voltage of the grid connection point. For the simple derivation, equivalent
series resistances for inductor models are ignored. Filter inductor current, i,;, and v, are sensed
by sensor condition circuit such as current scaling and filtering block, Hi(s) and voltages scaling
and filtering block, Hy(s). Current reference, i, can be obtained by translating power command,
Pres, to current command and multiplying grid voltage angle. To track ac reference, a PR
controller was adopted to provide high gains at fundamental frequency. In addition, an
admittance compensator, Gac(s), was added to minimize the grid voltage disturbance. Duty cycle,

d, is determined by multiplying the modulation gain, Fy,, and compensation output.

Fig. 5.2 shows detailed control diagram with transfer function blocks: Gj,(s) and Gij4(s)-
power stage transfer functions, Gpr(S)-current loop compensator, Fn-PWM gain, Gac(S)-

admittance compensator, Hi(s)-current sensor gain, Hy(s)-voltage sensor gain [65-66].
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Fig. 5.1 Proposed half-bridge single phase grid-tie inverter configuration
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Fig. 5.2 Proposed inverter control diagram using transfer function
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Since the impedance of Cs is relatively large compare to the impedance of the L; and Lg, the
current through C; can be ignored. Using the average inverter output voltage dxVy./2, isc Can be

derived with two plant transfer functions in (5-1).

iac :Md _i'vac :Gid (S)d _Giv(s)'vac (5-1)
sL; sk,

where, d(s) is the duty cycle, Giq(s) is the duty cycle to output current transfer function, and
Giv(s) is the capacitor voltage to output current transfer function. The closed loop admittance can

be represented in (5-2) and (5-3).

Y (S) — iac (S) — Gid (S) i GPR (S) i I:m ‘H i (S) kx 3 Pref . Hv (S) _ Gid (S) (5-2)
V,. () 1+T,(s) 1+T,(s)
Where, T,(s) = Gy, (5)-Ger (5) - Fyy - Hi (5)
Y (8) =Y,(8) +Y5(5) = Gigy (8) = Gy (5) (5-3)

where, g,,,(s) - Sl Cex () B &)y p 1y () and g, )= Bl
idcl 1+Ti (S) X ref v ivel 1+Ti (S)

5.2.1 Admittance Compensator for the Enhance Stability

The admittance compensator, Gac(s) (5-4) in [34] is added after the current loop

compensator in order to eliminate the disturbance from the grid voltage.

GAC (5) = 1 (5-4)
H,(s)-V,/2-F,
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5.2.2 Proportional and Resonant Compensator

In order to reduce steady-state error at the fundamental frequency or provide high gain at 50
or 60Hz, a PR controller is selected in (5-5), because it can provide a high gain at fundamental
frequency without phase offset and sufficient loop gain.

2k, oS
s’ +20,5+w,

GPR (S) = kp + (5-5)

where, kp is a proportional gain, k, is a resonant gain, and . is an equivalent bandwidth of
the resonant controller. A PR controller was designed to have the following parameters: k, = 1.2,
ke = 150, @, = 10 rad/sec, and @, = 2n-60 rad/sec, and the resulting loop gain is 50dB at the
fundamental frequency, or 60 Hz in this case. The crossover frequency and phase margin are 1

kHz and 68°, respectively [66].

5.2.3 Two Current Command Modes

There are two current command modes. One is constant current mode, and the other is
constant power mode. When the constant current mode is selected, the current reference can be
obtained by translating power command as current command with phase angle of grid voltage. If
the constant power command mode is selected, the current reference considers the grid voltage
condition and based on grid voltage level, the current reference is obtained with regards the
amount of power level. (5-6) and (5-7) show the current command with respect to constant

current command mode and constant power command mode, respectively.
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let = Pref : kx 'COS(a)t + ev) (5_6)

i, = 2 I?/ref Ky -cos(awt+6,) (5-7)

ref
m

where Vp, is the peak value of the filter capacitor voltage.

5.2.4 Proposed Three Half-Bridge Single Phase Grid-Tie Inverter

Fig. 5.3 shows the proposed three half-bridge single phase grid-tie inverters with four wire
configuration. Based on independent half-bridge single phase grid-tie inverter, three inverters are
combined together in order to provide a renewable energy PCS capable of handling with either

balanced three phase grid voltage condition or unbalanced three phase grid voltage condition.
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Fig. 5.3 Proposed three half-bridge single phase grid-tie inverters configuration

When the three phase grid voltage sources are balanced, either the constant current mode or
constant power command mode can send the same amount of three phase currents. However, if
the three phase grid voltage sources are unbalanced, then the constant power command mode can
send more current to lower voltage phase than the other phases. It means that the heavily loaded

phase current can be supplied more current from the renewable energy PCS.

One of the three phase grid voltages is used to provide phase angle information through
software phase locked loop algorithm. Then, other two phase angles can be obtained by 120°
apart from the phase angle output of the software phase locked loop. For the constant power
command mode, the peak magnitude of the phase grid voltage is calculated by peak calculation
routine (PC).
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Instead of using the conventional three phase transformation frame, the proposed method
provides a simple way of compensation design. In addition, the proposed method can be utilized,

not only to transfer power, but also tohelp unevenly loaded phase conditions.

Based on computation time in [89], the stationary frame reference current control and the
synchronous frame reference current control require 163 computation cycles, but the proposed

scheme need 102 computation cycles shown in Table. 5. 1.

Table. 5.1 Comparison of the computation time for the three control schemes

#of #of f# of |
Control | CPU required | required | g
Module Cycle module module for
for SRFC | for STRF
dq op | Proposed
Control
Park
Transform 9 2 1 X
ation
Clarke
Transform 9 1 1 X
ation
Inverse
Clarke ? X X
RepularPI 34 4 2 X
Regular
PR >34 X 2 3
Total
Cycles 163 163 102
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5.3 Simulation and Experimental Verificiation

A 3-kW PCS prototype dc-ac inverter was tested as an example system. The source
inductance, L4, of the tested grid system was considered to be 0.5mH. For the inverter output
filter, L; was selected as 2.1mH, which has an equivalent series resistance of 0.1Q. For the
inverter output filter capacitor, Cs is equal to 2uF. For the main power stage, a 7 IGBT module,
7MB100U2B060, with 600V and 100A power rating, was selected. To emulate unbalance three
phase grid voltage condition, an auto-transformer, GE 240V, 50 /60 Hz three phase variable
transformers has been used. The dc link capacitor was selected as 3.6mF in order to supply
enough energy to the inverter. The switching frequency and the sampling frequency are 16 kHz.
To verify the proposed current controller scheme, PSIM simulation tool was used and the results
are shown in Fig. 5.4 and 5.5. Fig. 5.4 shows the simulation waveform of the balance three phase
voltage condition with constant current command mode. Vga, Vgb, and vgc are 100V rms. The three

phase grid currents are 6A rms.

Fig. 5.5 shows the simulation waveform at constant power command mode under unbalance
three phase grid voltage conditions. vgan is set at 88V rms while vy, and vy, are set at 100V rms
for simulation. vg, is 93V rms, vy, and vy are 104V rms. iga is 7.7A rms and ig, and iy are 6.7A
rms and 6.8A rms, respectively. The average power of the phase A is 717W. The average power

of the phase B is 703W. The average power of the phase C is 713W.

The simulation results show that the proposed control scheme is able to provide the same

amount of current and power to the either balanced or unbalanced grid voltage.
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 Time(10ms/div)

Fig. 5.4 Simulation waveform of the balance three phase grid voltage and constnat current

command condition

Time(10ms/div)

Fig. 5.5 Simulation waveform of the unbalance three phase grid voltage and constnat power

command condition
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Fig. 5.6 shows the three phase test setup, which includes a three phase auto-transformer
on the left side lower corner and DSP controller board, grid interconnection board, filter board,

IGBT power stage board, and DC link capacitors.

Filter
Inductor$

Fig. 5.6 Three half-bridge single phase grid-tie

Three half-bridge single phase grid-tie inverters operate independently with 4 wire
configuration. Therefore, the gate signals can be turned on separately for each phase at zero
crossing point. Fig. 5.7 shows the gate signals test results with respect to each phase grid voltage
zero crossing point. The gate signal of phase B is turned on at the zero crossing point of grid

voltage after 5.55ms from the gate signal of phase A is turned on.
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Fig. 5.7 Experimental results of the three gate signals at zero crossing point

Fig. 5.8 and Fig. 5.9 show balance three phase grid voltage sources and three phase grid
currents, respectively in constant current command mode. Vga, Vgb, and vy are 100V rms.
Iga=6.14A rms, ig,=6.23A rms, and i=6.51A rms. due to slightly different filter inductance and
equipment measurement error involved. Fig. 5.9 and Fig. 5.10 show the unbalanced three phase
grid voltage sources and the unbalanced three phase grid currents for the same amount of phase
pOWer. Vg is 88.4Vrms. vg, and vge are 100Vrms. To emulate the unbalanced three phase grid
voltage source condition, a three phase auto-transformer was used. With respect to the single
phase input voltage of the primary side connection, the secondary side several taps provides
different magnitude of output voltage for instance if the input voltage is 120V rms, then there are
several taps to produce 112V rms, 107V rms, 100V rms, 88V rms, 71V rms, and 57V rms. In this
paper, all three phases are connected 120V rms three phase 4 wire connection. 100V rms output
and 88V rms output were selected to emulate balanced and unbalanced grid voltage conditions.
Fig. 5.10 shows the different current magnitude required in order to transfer the same three phase

power to each phase. iga Is 7.52A rms, ig, is 6.71A rms, and ig is 7A rms. Measurement error can
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affect the current reference at constant power command mode. However, the overall power for

the grid-tie inverter is 2kW and each phase produces about 670W.
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Fig. 5.8 Experimental waveform of the balanced three phase grid voltage
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Fig. 5.9 Experimental waveform of the balanced three phase grid current
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Fig. 5.10 Experimental waveform of the unbalanced three phase grid voltages
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Fig. 5.11 Experimental waveform of the unbalanced three phase grid current for the same

amount of three phase power
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5.4 Conclusion

A system with three half-bridge single-phase grid-tie inverters with 4 wire configuration has
been proposed and developed for renewable energy PCS. The half-bridge single-phase grid-tie
inverter has been systematically derived with representations of conventional transfer functions.
For the current control scheme, a PR controller and an admittance compensator are adopted in
order to track current reference properly without grid voltage disturbance. A 3-kW prototype was

built to verify the simulation results and experimental results.

The proposed method has been simulated, and the same parameters have been used for DSP
based PCS inverter controller. Simulation results indicate that proposed three half-bridge single
phase grid-tie inverters are capable of producing either the same amount of current to each phase
or the same amount of power to each phase. Experimental results confirmed the mathematical

design and simulation results.
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Chapter 6 Summary, Contributions, and Future Work

6.1 Summary

A current loop transfer function of a single-phase grid-tie inverter has been systematically
derived with representations of conventional transfer function format and admittance terms for
the sake of controller design and feed-forward compensation. A second order lead-lag
compensator is proposed to avoid low stability margin while maintaining sufficient gain at the
fundamental frequency. The proposed current loop controller and admittance compensator have
been simulated and the same parameters have been used for a DSP based PCS inverter controller.
Simulation results indicate that without the admittance path compensation the current loop
controller output duty cycle is largely offset by the admittance path. At light load settings, the
power flow may be erratically fed back to the inverter which can cause catastrophe failure. With
admittance path compensation, the output power shows a steady-state offset that matches the

design value.

The power circuit adopts the LCL type filter to maintain a universal output that can be
operated in both standalone and grid-tie modes. The proposed admittance compensation along
with a quasi-proportional-resonant controller is designed to achieve high gain at the fundamental
frequency while maintaining an adequate stability margin. Without the admittance path
compensator, simulation results indicate that the system cannot start up smoothly and the zero
current command cannot be tracked very well. At the first simulation cycle, the power flow is

erratically fed back to the inverter which may cause catastrophic failure. With admittance path
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compensation, the steady-state current error can be easily reduced with the loop gain design in

frequency-domain.

A wide-range active and reactive power flow controller is designed to operate the inverter in
pure leading, pure lagging, and the mix with active and reactive power command. The key to
achieving lagging power flow control is to ensure sufficiently high dc bus voltage to avoid duty
cycle saturation. The key to achieving precision power flow control for a wide-range of power
levels is to adopt a QPR controller for the current loop and an admittance compensator to cancel
the disturbance of the grid voltage. Phasor analysis was adopted to explain the need of the dc bus
voltage requirement. A 5-kVA grid-tie fuel cell inverter was used as the platform to show current

loop controller design and admittance compensation.

Three half-bridge single-phase grid-tie inverters with a 4 wire configuration have been
proposed and developed for renewable energy PCS. The half-bridge single-phase grid-tie
inverter has been systematically derived. For the current control scheme, a PR controller and an
admittance compensator are adopted in order to track current reference properly without grid
voltage disturbance. Three independent half-bridge single-phase grid-tie inverters can be
combined for a three phase grid-tie inverter. A 3-kW prototype was built to verify the simulation

results and experimental results.

The proposed method has been simulated and the same parameters have been used for a
DSP based PCS inverter controller. Simulation results indicate that the proposed three half-
bridge single phase grid-tie inverters produce either the same amount of current to each phase or
the same amount of power to each phase based on the operating mode. Experimental results

matched the mathematical design and simulation results well.
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6.2 Contributions

6.2.1 ltemized Contributions

» A closed-loop dynamic model for the current control loop of the single phase utility grid-
tie inverter with admittance compensator has been developed. The model explains the structure
of the inverter with admittance terms, the current phase lagging phenomenon, and lays the

groundwork for development of an admittance compensator.

» The admittance compensator principle has been proposed to completely eliminate the

effect of the grid voltage to the inverter and to prevent negative power flow.

» The admittance compensator principle can be adapted not only for an L-filtered single

phase grid tie inverter but also an LCL-filtered singe phase grid-tie inverter effectively.

» The admittance compensator and the quasi-proportional-resonant compensator have been

designed for precise active power flow control.

* In addition, to control active and reactive power flow, the scaler compensator has been
proposed along with the admittance compensator and the quasi-proportional resonant

compensator.

» Based on the half-bridge single phase grid-tie inverter design, three phase grid-tie

inverter control scheme has been proposed.
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6.2.2 Scholarly Contributions

= US Patent Application No: 12/036,087, Jih-Sheng Lai, Sung Yeul Park, Chien-Liang Chen

“Control System and Method for a Universal Power Conditioning System.”

= S.-Y.Park, C. -L. Chen, J. -S. Lai, “A Wide-range active and reactive power flow
controller for a solid oxide fuel cell power conditioning system,” IEEE Trans. on Power
Electronics, vol.23, pp.2703-2709, Nov 2008

= S.-Y.Park, C. -L. Chen, J. -S. Lai, S. -R. Moon, “Admittance Compensation in Current
Loop Control for a Grid-Tie LCL Fuel Cell Inverter,” IEEE Trans. on Power Electronics,
vol. 23, pp. 1716-1723, Jul 2008.

= C.-L.Chen,J.-S. Lai, Y. -B. Wang, S. -Y. Park, H. Miwa, “Design and Control for LCL-
Based Inverters with Both Grid-Tie and Standalone Parallel Operations,” Conf. Rec. of IEEE

Industry Applications Annual Meeting, 5-9 Oct. 2008, Edmonton, Alberta, Canada

= S.-Y. Park, C. -L. Chen, J. -S. Lai, “Wide range active and reactive power flow controller
for a solid oxide fuel cell power conditioning system,” Proc. of IEEE Applied Power

Electronics Conference, 24-29 Feb. 2008, Austin, TX, pp.952-958.

= C.-L.Chen,S. -Y. Park, J. -S. Lai, S.R. Moon, “Admittance Compensation in Current Loop
Control for a Grid-Tie LCL Fuel Cell Inverter,” Proc. of IEEE Power Electronics Specialists

Conference 17-21 June. 2007, Orlando, FL, pp 520-526.

= J.-S. Lai, S. -Y. Park, S. -R. Moon, C. -L. Chen, “A High-Efficiency 5-kW Soft-Switched
Power Conditioning System for Low-Voltage Solid Oxide Fuel Cells,” Proc. Of IEEE Power

Conversion Conference, 2-5 Apr. 2007, Nagoya, Japan, pp 463-470. Best Paper Award
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= S.-Y.Park, J.-S. Lai, C. -L. Chen, S. -R. Moon, T. -W. Chun; “Current Loop Control with
Admittance Compensation for a Single-Phase Grid-Tie Fuel Cell Power Conditioning
System,” Proc. of IEEE Applied Power Electronics Conference 25 Feb. — 1 Mar. 2007,

Anaheim, CA, pp 654-660.

6.3 Future work

Based on the frequency domain analysis of the grid voltage disturbance, this dissertation
presents a comprehensive study of a single phase grid-tie inverter control mechanism with
conventional linear feedback control method. In the future, the disturbance of the grid voltage

can be analyzed and its compensator can be designed with non-linear control approach.

Current control for the grid-tie inverter can be applied to various applications such as a
parallel grid-tie inverter, an active filter, a distributed generation, and micrgogrid inverter

applications.

It is possible to use active and reactive power flow control for three-phase unity power

factor correction with measured local load currents.

The proposed compensator can be utilized not only for fuel cell systems but also for

photovoltaic systems with modifying power command configuration.
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