Chapter 3. Input PF-Corrected SRM-Based VSD System

3.1 Introduction

One of the unique features of the SRM is it requires only a unipolar current for its four-
guadrant operation, thus simplifying the converter topologies. This chapter considers the analysis
and design of one such converter with minimum switches. It is the C-dump converter for use in
non-biflar wound SRM drive. The analysis of this topology includes the evaluation of the
switching losses of the power switching devices and diodes, their current and voltage stresses, the
relationship between the energy storage capacitor, the inductor and the duty cycle of the energy
recovery circuit and the efficiency of the overall system for a given switching frequency. From the
analysis, a design procedure for the converter circuit is developed. The theoretical analysis and
design procedure, both validated with experimental results obtained from a laboratory prototype,
are presented in this chapter. The computer simulation is performed to verify the theoretical
analysis and experimental results.

The PFC circuit has been introduced widely in small dc-to-dc power supplies [36-55] and in
VSDs [56-63] very recently. The topologies for PFC circuits for small dc to dc power supplies
and VSDs are very different. The predominant PFC circuit used in the dc-to-dc power supplies is
the single switch boost topology where the power levels rarely exceed 1 kW. Beyond this power
level, the bridge configurations are preferred as given in the reference [41]. The single switch
boost topology is ideal for the appliance drives as they are quite feasible within the power level of
1 kW and mostly operate from a single-phase utility input. This topology is considered for the
appliance VSD in this study. At the end of this chapter the input PF corrected SRM-based VSD
system is proposed.

This chapter is constructed as follows. The principle of operation of SRM is introduced in
Section 3.2. The C-dump converter which is one of the minimum switch per phase converter
family is fully analyzed and experimentally verified with a significant power level in Section 3.3.
The controllers developed for C-dump converter based SRM drive system are explained in
Section 3.4. The validation of analysis and experimental and simulation results are presented in
Section 3.5. The PF corrected SRM drive is proposed and experimental results are analyzed in
Section 3.6. The key conclusions are drawn in Section 3.7.

3.2 Principle of Operation of SRM

The SRM operates on the reluctance principle [2, 9]. The reluctance property causes the rotor
iron to be attracted in order to align itself to a minimum reluctance position with an applied
magnetic field. Therefore, the iron rotor of a SRM rotates to remain aligned with the rotating
magnetic field, produced by electronically commutated current through consecutive stator
windings.

The SRM has salient rotor and stator poles as shown in Figure 3.1. The number of stator and
rotor poles is generally different to ensure that the rotor is not in a position where the potential
torque in all phases is zero. One machine phase consists of diametrically opposite stator pole
windings which are connected in series. The SRM can operate with the loss of one phase, with
reduced output power, which is not possible in other drives employing bridge type converters.
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(i) Phase Ais ready to be
excited.

(i) Phase Ais in aligned
position and Phase B is
next to be excited.

(i) Phase B will be turned
off and Phase C will be
excited.

(iv) Phase C is in aligned
position and Phase D
will be turned on.

Figure 3.1 Operation of an 8/6 SRM.
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The electromagnetic torque of the SRM is produced by switching current into each phase
winding in a sequence that is synchronized with rotor position. The expression for the
electromagnetic torque of the SRM is the function of motor phase current and position as [2],

Te(iph,e,):%iﬁhﬁ% NI, (3.1)

In equation (3.1), the torque is equal to the product of the square of the phase winding current
and phase inductance slope, which implies that only unipolar current is required for the four
guadrant operation of the SRM drive. Because of the squared current, the torque-speed
characteristics of the SRM is comparable to the series dc motor at low speed.

The operational example of an 8/6 SRM is as follows [2]: Phase A in Figure 3.1(i) is about to
be excited initially by applying current into the winding on stator poles A andh& flux is
established through stator poles A andaAd adjacent rotor poles, which tends to pull those
nearest rotor poles toward the stator poles A and Alockwise direction, respectively. When
the rotor poles are aligned to the Phase A stator poles, the Phase A current is turned off as shown
in Figure 3.1(ii). Now the Phase B is excited pulling anotheacadit rotor poles as shown in
Figure 3.1(ii). Likewise, consecutive energization of phase C and D result in alignment of stator
poles with the adjacent rotor poles as shown in Figure 3.1(iv). It takes four phase energizations in
sequence to move the rotor by @®the 8/6 SRM. The switching of currents in the sequence of
C-B-A-D results in the reversal of the rotor rotation as seen with the aids of Figures 3.1(i)-(iv).

The ideal single-phase inductance profile of an 250W 8/6 SHMsisated in Figure 3.2. Only
one rotor pole pitch which is 8Qanging between6, and + 6, is shown. The maximum
inductance L, appears at 0which is the fully aligned position of rotor and also the minimum
reluctance position. By appropriately positioning the phase currents relevant to the rotor position,
a four-quadrant operation is obtained [2]. To generate the motoring tmqgéph,er), the

phase current is switched on during the rising slope portion of the phase inductance as shown in
Figure 3.2. If the phase current is applied on the falling slope portion of the phase inductance,
regenerating torque;Te(iph,G,), is produced. To control these operations adequately, the phase
current should be switched off in each phase before the rotor poles and stator poles come into the
aligned position.

The various rotor positions in Figure 3.2 can be expressed as follows [2]:

m U

TN, 0
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6., =B, 0, deg (3.2)
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where,
N = number of rotor poles
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Figure 3.2 Ideal inductance profile and torque generation of the SRM.

B = rotor pole arc, deg (mechanical)
Bs stator pole arc, deg (mechanical)

and these values for a prototype 250W, 8/6 SRM are listed in Appendix B. The corresponding
rotor position in the left hand side of the aligned position can also be represented with equation
(3.2) with negative sign.

3.3 Analysis and Design of C-Dump Converter-Based SRM Drive

The electromagnetic torque of the SRM is equal to the product of the square of the winding
current and inductance slope which implies only a unipolar current is necessary for a four-
guadrant operation of the SRM drive as explained in section 3.2. If only unipolar currents are
sufficient for the operation, only one switch per phase for its current control is required. This is
unlike ac machines which usually require two switches per phase. Many single switch per phase
topologies are evolved for the SRM [15, 16, 26-33]. Four typical single switch per phase
converter topologies are briefly reviewed in this section. One topology, C-dump converter circulit,
is selected among them and will be applied to implementation of SRM- and PMBDC-based
VSDs. The analysis of C-dump topology from the viewpoints of computation of switching losses
of the power devices, voltage and current stresses and maximum voltage and current ratings of
the power devices for a SRM drive of known power rating, ratings of the energy recovery
capacitor, inductor and its duty cycle and efficiency of the overall circuit is performed in this
section. Based on this analysis, the design procedure for the converter topology is derived.
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Experimental results from a laboratory 250W SRM prototype and steady-state simulation of C-
dump converter-based SRM drive are used to correlate the theoretical analysis and design
procedure.

3.3.1 Overview of Single Switch per Phase Converter Topologies

Figure 3.3 shows the earliest of such a single switch per phase topology requiring a bifilar
winding in the SRM [26]. While this is acceptable and feasible in low voltage machines such as for
automotive applications, its use in other higher voltage applications is very limited due to the fact
that the leakage inductances of the bifilar windings are not absolutely controllable resulting in
high transient voltages during the current turn-off instants. These transient voltages could be as
high as three to four times the dc link voltage, thus making this configuration unsuitable for higher
dc link voltage operated machines.

The dc link voltage can be split into two equal halves to have a single switch per phase
topology [15] as shown in Figure 3.4, but it has the drawback of requiring an even phase
machine and the input voltage is reduced by half. The reduction in input voltage by half would
approximately double the current as compared to the machine with a full dc link voltage input.
This increases the losses both in the machine and converter.

The third single switch per phase topology is shown in Figure 3.5 [31]. Although this circuit
uses full input dc voltage, but it has the drawback of partially dissipating the stored energy in the
braking resistor,R,, thereby both decreasing the efficiency of the topology and creating a

problem in the cooling of the resistor. But in spite of such disadvantages, this topology is suitable
for many low cost variable speed applications such as hand tools and appliances requiring only
intermittent use.

To overcome the energy dissipation occurring in the R-dump circuit, the partial energy stored
in the machine windings is directed to a capacitor for storligen subsequently be recovered.
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Figure 3.3 Single switch per phase converter for bifilar wound SRM.
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Figure 3.4 Single switch per phase converter with split dc power supply.
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Figure 3.5 Single switch per phase converter with energy dissipating resistor.

Such a circuit is known as the C-dump converter [27]. The schematic diagram of a C-dump
converter-based four-phase SRM drive is shown in Figure 3.6. The energy recovery requires an
additional switch and a diode. Both the resonant recovery circuit and chopper recovery circuit
approach have been described in [27]. The resonant recovery circuit has the drawback of high
current and voltage stresses in the recovery switch and diode. Moreover, the operation of this
circuit has been analyzed in a limited way with experimental correlation up to only a few watts.
The C-dump converter topology has the advantages over the other single switch per phase
configurations with the additional benefits of requiring no snubbers for the phase switches as their
peak voltages are clamped by the energy storage capaCjjorThe voltage ofC, itself is

controlled by the duty cycle of the chopper recovery circuit, thereby limiting the voltage stresses
of the phase switches. This is a significant advantage compared to the resonant recovery circuit
topology. Given these advantages, this topology is worthy of consideration for the SRM drives.
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Figure 3.6 Single switch per phase converter with C-dump energy recovery circuit.

The summary of advantages of the C-dump converter topology is as follows:

() Single switch per phase topology.

(i) Only single power supply is sufficient for gate drivers for phase switches because of all
the phase switches have a common return.

(i) Snubberless operations of phase switches are possible by voltage clamping action of the
energy recovery circuit.

(iv) Independent control of phase is possible with only one switch per phase.

(v) Four-quadrant operation is possible by simply changing phase firing sequence and
position.

The disadvantages of this topology are the low output power per switch VA ratio and the
slightly lower system efficiency due to the additional energy recovery power stage.

3.3.2 Principle of Operation of the C-Dump Converter

A simplified single phase equivalent circuit of the C-dump converter-based four phase SRM
drive power circuit is shown in Figure 3.7(i). This equivalent circuit is derived from Figure 3.6
under the assumption that all four SRM phases are identical. Figure 3.7(ii) is a symbolic
expression of gate drive signals for main phase switcand recovery switchl; versus current
waveforms in motor phase winding, and in energy recovery inductar, The relationship
between duty cycles of the main phase switch and recovery switch is also shown in Figure 3.7(ii).
The various salient features labeled in Figure 3.7 will be explaineddeeting analysis section.

The operational modes are defined as illustrated in Figure 3.8(i). The equivalent circuits for
defined five operational modes are shown in Figure 3.8(ii). Based on these figures, the operation
of the equivalent circuit is described as follows [33]:

() When winding of Phase A is to be energizédjs turned on applying the dc link voltage
V,. across the winding. Assuni is off now and the voltage acro€} is greater than
V..
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Figure 3.7(ii) Relationships between gate signals and currents.

(i) Current is established in Phase A winding. If current exceeds the set Valiseturned
off. This enablesD, to be forward-biased and connec@s to phase winding and the
source voltagey,. .

(i) Part of the energy is transferred from machine windingCoand part to mechanical
power. This increases the chargednand hence its voltagg,

(iv) If the winding current goes below a certain desired value, the phase dyikhurned

on again. Then reverse-bias&] redirects the current through,.,, Phase A winding
andT,.
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Figure 3.8(i) Definition of operational modes.

@ Mode I: T, on, T, off
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Figure 3.8(ii) Five modes of operation of a phase.
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(v) The excess energy stored@y is recovered by enablin§g which completes the circuit
C,, T., L, andV,.. T is turned off wherk is at an acceptable preset levg], + AV,
where AV, is the overvoltage at starting. Turning Oif when a current flowing is
accomplished due to the freewheeling didgle

(vi) The turn off of the phase switcR (or T, or T, or T,) and auxiliary energy recovery
switch T, are synchronized to positio@, for receiving energy from machine windings
and for independent control of the machine phases.

3.3.3 Analysis of C-Dump Converter-Based SRM Drive

In one switching period, each phase encounters five main modes of operation as shown in
Figures 3.8(i) and (ii). The five modes of operation are explained and the respective mode
equations are derived in this section [33].

Mode | : T, on and T_ off

The dc link voltage is supplying the magnetizing energy to the motor winding in this mode.
The equation representing this mode is:

L

di (t
"’Cjt( ) 4 ROL(1)= Vs - 6, (3.3)

From the above equation, the current during this period can be expressed as,

iph(t):v“T_e"[ﬂl—e"‘/“)+ I, @& A (3.4)
where
T, :% , S. (3.5)
R=R,+ R(on,Q. (3.6)
& = w, O(1) Lc(iiée) V. (3.7)

L(i, 6) is the motor winding inductance per phaag, is the motor speed in rad/R,, is the
motor winding resistance per phad&, (on)is the on resistance of MOSFET switdh I, is
the minimum phase current a is the rotor angle. Note thdt, e, and 7, are current and
time dependent because of rotor function and hence the initial current is time dependent. If the
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winding resistance and the on resistance of the phase switch are neglected and assume that the
phase current varies linearly, then the maximum and the minimum phase currents are given by:

|1=|0+VdCT_e°[ﬂ1 A (3.8)
+ —_—
=1, —C8 ey A (3.9)
L
t, =d; [0 O
t,=(1-d,)T, o,s. (3.10)
T.=Yf, H

wheret, is the on time and, is the off time of the phase switch in each PWM cycle, §nis

the PWM carrier frequency in Hz. Equations (3.8), (3.9) and (3.10) can be combined to find the
average duty cycle of the phase switch if the induced emf during on and off durations in a PWM
cycle is approximately equal. Then the duty cyddas

d = E-V,.te,
E
= h+%. (3.11)
where
h=E _EVdC . (3.12)

ande,, is the induced emf during the off time in a PWM cycle. It can be approximated as
e, —w, k), V. (3.13)
wherel is the average phase current in a PWM cycle, and

dL(i,0)

“0)="1g

(3.14)

If E is defined to be equal to base voltageas
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E=V,= k), W, O
|
K(O) = L, - L, ] (3.15)
6, /d H
where
2 O
0,=—
R % (3.16)
RO
=7 =

|, is the base current,, and L, are the aligned and unaligned inductances, respectosglyis
the base spee®; is the number of rotor poles aRdis the number of stator poles.

By substituting (3.15) in (3.13) and then in (3.11), and taking the average, we have the
normalized expression df as,

d,=h+w,0,. (3.17)
where
W, = @ , pu. (3.18)
wmb
I - , pu. (3.19)

n
I b

The equation (3.17) clearly brings out the relationship between the energy storage capacitor
voltage, dc link voltage, speed, phase current and the duty cycle of the phase switch. If speed
increasesd, has to be increased if h is maintained constant. Note that in practical applidations,

is a constant, and may be in the range of 0.2 to 0.3. From this equation, the impact of inEreasing
becomes evident. Increasitify increaseh and, hence, for a given maximum duty cycle and
current, the maximum machine speed will decrease. This sets the limit on maximum speed of
operation. So it is preferable to keépt the minimum level. This will have other consequences

as derived later. The maximum speed for 1 pu current is

w,,(max)=d, (maxy h (minF {-h ) pu. (3.20)
Mode Il and lll : T, and T, both on and then off

The energy recovery switch is turned on afferstarts conducting. This indicates the transfer
of the energy from capacitd®, to the dc source and inductdy. The equations describing this
mode of operation are
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i, _[E, O<t<d, L

V,.+ R 0O + = 3.21
dc Ro r Lo dt 1 d2 Dl:: <t< -II; ( )
from which the current during on time ©&fis evaluated as,
R — -t/t E- Vdc —t/1
it)=1,B""+—"< R Q1-e""),0<t<d,[T,. (3.22)

wherel,, is the minimum recovery current which becomes zero in the discontinuous current mode
as shown in Figure 3.8(ii)R, is the resistance of the energy recovery inductor, and its inductance

is L, giving,

T, = i. (3.23)
Ro
The equation for the current in the inductor, whens off, is
i(t)= ‘\% Q1-e"™)+1, &7, dO<t<T. (3.24)
where
t =(1-d,)T. (3.25)

andl,; is the maximum recovery current. The duty cydleis variable and is determined by a
feedback circuit to keep voltage acrd3sconstant as illustrated in Figure 3.7.

The machine phase current equation dufingn is similar to equation (3.4) in Mode |. During
turn off, the phase current becomes

_t _t

H E Vdc D Ty Tih
in(t) = ﬁl e ™+ @™ A (3.26)

L
wherert = —.
ph

Mode IV : Phase current commutation

In this mode, the current in the machine phase has to be brought to zero. During this time, the
switch T, is turned off and the energy in the machine is partially transferred to the cap@gitor

as shown in Figure 3.7. Let the time required to bring the currentifraanzero is; as shown in
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Figure 3.8(ii). Then we have the phase current expression from equation (3.26hshiuting
t=1t and Tph = Ty,

. — (E _Vdc) D _ tfx E ;f
Iph(t)—R—phﬁl H+ I, ™, A (3.27)

Letipn(t)=0, and solve equation (3.27) forand then combine with equation (3.11),

0 IR

0
0. S (3.28)
0

where
_ L(t)
* Ry + K(0) o,
L(t)
k(8) o,

, S, (3.29)

if turn off is attempted during increasing inductance region. If machine inductance is constant and
equal to its aligned valug,, then

T, O L, , S. (3.30)

From equation (3.28), it is clearly seen the commutation time is reduced with inceasidg
speed.
The voltage increment i@,, during this mode may be written as,

AV, __IE +—EE1 (3.31)

Note the maximum value oflV, is chosen for selecting the devices. The maximum value of
AV, is when i is equal td, andt is equal to half of the switching frequendy, giving the
maximumAV, as,

AV, (max)——D1 + hiE Dlz , V. (3.32)
C, 2f, 2C [, 4f.

As this has to be restricted, the proper selectioB, of, and f. has to be coordinated for
design. Expressing equation (3.32) in normalized units,
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2
AV, (max)= ly AL E—IL”2 , pu. (3.33)
COFI an 2 COFI D]-an [fcn

where
Vo =Vo /Ny, V
Vy, =21, V
l,=171,, pu

fo,=f./f,, pu
C.,=C,/C,, pu
E.=EM,, pu
Lan =La/Ls,  pU
L, =2Z,/27,, H {

(3.34)

I

V, is the base voltage in V4 is the base current in A, is the base frequency in Hz, is the base
capacitance in Ry, is the base inductance in H angis the base impedance(n

Mode V : Commutation mode with T, on

In this mode, the current circulates through the machine phgsend L,, partially
transferring the energy from the machine to the indudtgr The energy stored i, is
transferred to dc source whapis turned off. This mode hence prevents all the energy transfer to
the capacitorC,. The expression for current in this mode is given as, if the starting current for
this mode is,,

i(t)=i,@ " , A (3.35)
where
”:5152,& (3.36)
k(6)Ldo,

and the inductance is rising. If the machine inductance is constant then,

L+l
"R

T

, S, (3.37)

3.3.4 C-Dump Converter Power Circuit Design

The SRM's average phase currerit @1d it haam phases. The ratings of the phase switches,
diodes, and recovery switch and diode are derived from the previous analysis and given in Tables
3.1 and 3.2. Note the average recovery current is expressed as,
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I :(Ir1+|ro) ,A.

r . (3.38)

The switching energy due to the reverse recovery charge in a diode is
E, =\, [ ,J. (3.39)

whereV, is the maximum dc reverseoltage andQ, is the total reverse recovery charge in

Table 3.1
Ratings for key components in C-dump converter-based SRM drive.
Ratings
Device Duty Cycle Current
Voltage Peak RMS
Phase d, E+AV, l, (|1 dl)
switch
Jm
Phase 1-d, E+AV, l, (| 1-d )
diode AN
Jm
Recovery d, E+AV, I, | . /d
switch rl\/—z
Recovery 1-d, E+ AV, I, | ,/1-d,
diode
C, 1 E+AV, | L | 1,4,
Lo d2 E+AV0 _\/dc Irl Irl\/@
Table 3.2
Losses for key components in C-dump converter-based SRM drive.
. Losses
Device Duty Cycle Conduction Switching
d 1
Phase dl ElD].zERTl(OI‘]) EEEllch(tr +tf )
switch
(1-d,) (1-d,)
Phase 1_d1 m |:Il |E/f m |:Err |:f(:
diode
d, 0/ [R; (on) 1
Recovery d, 2T §|r1 [ECF(t, +t;)
switch
Recovery 1-d, I, [Q1-d, )V, E, T,
diode
C, 1 1,2 1(1—d1)EESR | % @, 01-d, )([ESR
m
L, d, d, EIr21 (R, _
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diodes.ESRis the Equivalent Series Resistance@f andV; is the forward voltage drop in
diodes.

Phase Switches

The phase switch has to be rated for a maximum duty cycle of 1. The ripple in the current is
neglected. Note that based on the application, the avetagan be estimated from equation
(3.17).

Phase Diodes

Although it is not the case in practice the diodes have to be rated for a maximum duty cycle of
1 as in the case of the phase switches for the worst case scenario.

Incremental Voltage Rise inC,

Considering the average current of the machine phakearas the current ripple is small, the
incremental voltage rise i@, during the turn-off ofT, is approximated as,

1

AV, O—0 @,
C,
1
C 001-d,)CT,
_(A-d) oy, (3.40)
fC CO

Expressed in normalized units, this incremental voltage ri€s s AV, and given by,

v, =WV _(A=dy) (1/1,)
Vb fc Co[zb
_(A-d) T,

f,  C,Hy2r,C,)
_2m(1-d,)0,
- C, [,

, pu. (3.41)

From this expression, the energy recovery capacitor's value is obtained based on the minimum
value ofd,, maximum value of , and desired value aV,, given with a fixedf, as,

C. =2ng e gizddminl (3.42)
AV :

on cn
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whered,(min) corresponds to the no-load duty-cycle.

Incremental Current in Machine Phases

During on time of machine phase switches, the current rises frono |, providing an

incremental rise ofAi with the application of dc link voltage to machine phases. Neglecting
resistances of the machine phase and the switching devices, the following approximate
relationship is evident for this condition:

Ll =V, [d, T, - [AL. (3.43)

whereL is the inductance at turn-on. Expressing this in terms of normalized units,

ml |Sydcn _I DQL E
f n n

Al = on 1 , pu. (3.44)

n

where
Vdcn = Vdc/vb D
0

AL, =AL/L, % pu. (3.45)
|
[l

A=A/, B

This current ripple in the machine phases influences the torque pulsations and hence its
magnitude is an important parameter in the SRM drive system.

Switching Frequency

The switching frequency affects bottV,, and Al ,, as seen from equations (3.40) and (3.43).
By rearranging both equations in termsigfwe have

d, =1 =ron—on—en, (3.46)

from equation (3.40). And from equation (3.43),

_Aln[l]'n[fcn-l-l nm-nlj cn

d,
2nvdcn

(3.47)

Hence, the minimum switching frequency is derived by cancelingdodtom these two
expressions resulting in,
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f = 21 ,pu (3.48)

AV, 1 O
Y “Jﬂnﬂnmw%

I n den

on

I:IL_JR

All the relevant variables of the machine, energy recovery circuit, operating current, dc link
voltage, current and voltage increments are related to the switching frequency. The design value
for f_, is chosen for maximum values of, V,,, and minimum values oAV, L, , and Al .

on’?

Conveniently choosind,, andV,,, to be 1 pu, the normalized minimum switching frequency is
given by,

f = 2m u
o k%@ﬂmm+LJﬂh+IJﬂLJ’p'

(3.49)

The smaller the value of voltage and current increments derfygayill be larger. That could

be offset by increasing the energy recovery capacitor and in the design stage of the machine by
increasing the minimum inductance, i.e., corresponding to the unaligned position of the machine
stator and rotor poles and maximizing the incremental inductance in the machine. Stlected

often more than this minimum value for reasons of ripple torque and noise minimization.

Value of L,

L, follows based on the ripple requirementiin If we assume the required ripple current is
Ai, , then duringdrl, on,
Ai
E-V,.)=L 00 —/—. 3.50
(E-Veo) = LB (3.50)

2 c
By combining equations (3.11) and (3.90),s given by

_d, T, (h(E _d,hE

L, , . (3.51)
Al f. LA,
In normalized units, this inductor is,, and given by,
h _E
Lo, = 27TE—If—E—IA_—”E12 , pu. (3.52)
cn Irn

where,

Ai =4, O
SAM B (3.53)
Lon - Lo/Lb U

andd, has to be calculated for a maximum of 0.5.



Recovery Current

The recovery current i, is found by equating the charging and discharging ener@y s,
(E-v, )@, T, 0, =EDf1-d,)T,. (3.54)

It is approximately given by neglecting the losses in the inductoifaad,
hiE, 7,0, =E0 {1-d,)[T.. (3.55)

from which

I, _(A-d)d A (3.56)
d, h

Note d, can at utmost be equal th and the recovery current magnitude is influencetl by
andd,. Note the recovery current identifies the VA rating of this subsystem circuit. Higher values
of h are preferable in the design to minimize and that would minimize the operational speed

range as seen from expressions (3.17) and (3.20). A design trade-off is inevitable between the
conflicting choices. Further, it must be noted highefalues also increase the switch and diode
voltage ratings and preferably should not end in the switch voltage rating to go from 500 V to say
1000 V which could incur a severe cost penalty. These considerations, along with maximum
speed of operation, have to be kept in perspective in the chdice/taEh invariably affectsl,

and other parameters.

The recovered energy circulates through the converter and machine resulting in increased
losses in machine windings, switches and circuit passive components due to increased phase
current. This is the cause for increased VA rating of the converter and for a slight drop in
efficiency compared to two switches per phase converter-based SRM drive system. The rating of
the recovery circuit switch and its cooling play a critical role in the design of this converter circuit.

Design Example

Based on the above derivations, the device current ratings are chosen from the SRM's phase
currentl. Their voltage ratings are chosen baseth and hencé&. The choice oE was made to
be 2V,. in prototype development giving la of 0.5. The selection is motivated because the

current commutation in the phase was obtained with a voltag®/of very much like the two

switches per phase configuration and still kept the switch voltage ratings at led9@harT his
allowed no cost penalty for the diodes and switches because there is very little price difference
between 250V, 300V and 400V devices at peak currents of 4A. The range of speed at 0.5 pu
current comes to 1 pu and beyond it note the current is decreased to extend the speed range and
to deliver the rated output.

For the given machine, wittAl =0.1pu, AL, =0.001pu and AV,,=001pu, f is

calculated to be 185 pu by equation (3.49) and 284 pu was chosen for implementation. Note
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AV, , calculated using ari,, of 284 pu gives 0.0033 pu, is within the assumed value of 0.01 pu.
The value of the energy recovery inductor is based on the ripple current of 0.75 pu and is given to
be 1.57 mH and hence 2 mH was chosen conservatively for implementation. All of the above
completes the design of the power circuit. The base values and other system parameters of the

prototype SRM drive are listed in Table 3.3.

Table 3.3
Base values and system parameters of the prototype SRM drive.

Base Values System Parameters
Speed b 398rad/g | Switching Frequency 18kHE
Frequencyfy = whn/ 21T 63.34Hz Recovery Voltage, E 340V
Voltage,V; 340V h = (E-Vy)/E 0.5
Current,lp 4A Recovery Capacito, 100uF
Inductancel, 0.2135H Recovery Inducton,, 2mH
CapacitanceCy 29.54H Aligned Inductance @, La 0.0572H
ImpedanceZ, 85Q Unaligned Inductance @, L. 0.00134H

3.4 Development of Controllers for the C-Dump Converter-Based
SRM Drive System

In this section, the development procedure of a single-quadrant controller which consists of
main and auxiliary PWM control circuits for C-dump converter-based SRM drive is explained.
Even though only speed control loop is employed in main PWM control circuit, the detailed
design process of the current and speed controllers are also introduced. The design results are
verified with experiment and simulation.

3.4.1 Unified Design Procedure for Pl Speed and Current Controllers for VSD
Systems

A simplified block diagram of the C-dump converter-based SRM drive is shown in Figure 3.9.
The proposed SRM drive system consists of a C-dump converter which is shown in Figure 3.6, its
control circuit consists of the main and auxiliary PWM controllers, a four phase SRM with an 8-
bit absolute encoder. This section is concerned with the design procedures of Pl speed and current
control circuits for the VSD system. A simplified block diagram of the generalized VSD system
with speed and current loops is illustrated in Figure 3.10 [1]. The operation of a VSD system

with speed and current control loops is as follows: the speed commanis, compared with
the sensed speed feedback sigaal, and applied to the speed PI controller. The output of the PI
speed controller is the current command, The current error signal which is the difference

between the commanded and the sensed current becomes the control VQlthgeugh Pl
current controller circuitV. is converted to a PWM switching signal and applied to the converter.
The output of the converter block is the motor voltagewhich is applied to the motor winding.
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The inner current loop governs the performance of the closed loop VSD system because its
bandwidth is wider than the one in the outer speed loop. The wide bandwidth of the current loop
ensures the stable operation and fast dynamic response of the VSD system. The current
feedback gainH., has a constant value unless a low pass filter which represents similar transfer
function as a filter in speed feedback loop is used.

Each functional block is represented with its own transfer function and summarized in Table
3.4. The details on derivation and reduction of each transfer function can be found in [1].

I
. dc
Single ° ‘j_ *
+
P:gse # Ve C-dump Converter
Sourceo T |
I A
Tl T2 T3 T4
~— E
o Main PWM = Auxiliary PWM
Controller Controller |« v
Speed w dc 8-hit
Command ' A Absolute
Speed Synchronization Encoder
Feedback Signal
10
Position 10
to Speed [
Converter

Figure 3.9 Block diagram of the proposed C-dump converter-based SRM drive system.

Motor and Load

i V, A iy
wIH@—» Gy(9 —»@—» G.(3 ] G,(9 ] Gu(9 4= Gu(9 4=,
w, Pl Speed i, PlICurrent Converter
Controller Controller
H, |e———
Current Feedback

Gy(9 [

Speed Feedback

Figure 3.10 Generalized block diagram of a closed-loop VSD system
with current and speed feedback.
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Table 3.4
Transfer functions of functional blocks in a closed-loop VSD system.

Notation Definition Transfer Function
G«S) Pl Speed Controller Ky(1+sT,)
ST
G(s) PI Current Controller Ko(1+sT.)
ST,
Gi(S) Converter, K,
Va(S)/NK(s) 1+sT
Gui(s) From Motor Voltage to Current, 1+sT,
1a(S)VA(S) (T sT)(1+ s7)
Giu(S) From Motor Current to Speed, K,
h(S)/1a(S) B,(1+sT,)
Gu(S) Speed Feedback Filter K,
1+sT,

In Table 3.4 Ks andTs is the gain and time constant of speed Pl contrdllegnd T. is the
gain and time constant of current Pl controliéris the converter gain, affd is thetime constant
in a converterK; is expressed as,

B,
Ki=——7——. (3.57)
Ky +R.[B
where,B=B1+B,, B andB is the friction coefficient of motor and load, respectivély.is the
back emf constant arl, is the phase resistance of the motor.
Tm is the mechanical time constant of a motor with load,

T =% (3.58)
Bt
T, andT; are poles of the transfer functid®y(s),
T1=L(|<3+\/K§-4Jt EI_aEKZ). (3.59)
2K,
1 2
T, = (K3 - JKZ-43, 00, EKZ). (3.60)
2K,

where,
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K,=KS+R, (B, [

0 3.61
K:;=L B +J[R, O ( )

and J: is the moment of inertia of a motor with load. In the transfer function of speed feedback
filter, G.(S), Kw is the gain of the speed feedback filter dpds the time constant.

Design of Current Controller
The simplified block diagram of the closed loop current control circuit is shown in Figure 3.11.
The detailed reduction procedures are explained in [1] explicitly. The reduced order loop gain

transfer function of the current control loop is obtained as,

K

A(s)=G.(s U . 3.62
()= G(IG(9 G 3 ¥ vy (3.62)
where
K DL _ (3.63)
2T,
The current controller gain and time constant are obtained as,
= KL, : (3.64)
Kl |:lKr DHC |:I-m
T.=T,. (3.65)
Then the transfer function of the current control loop becomes,
l(s)_ K 1 L (3.66)
() He (L+K)+(T,+T,)s+(T. T, )s
o VC Va
la G(9 ™ G(9 ™ Gu(9 i,

i, PlCurrent Converter
Controller

H, |e———

Current Feedback

C

Figure 3.11 Block diagram of current control loop.
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Design of Speed Controller

The simplified block diagram of the speed control loop is shown in Figure 3.12. The first order
approximation of current loop transfer function expressed in equation (3.66) is performed to
simplify the speed loop transfer function [1]. The reduced current loop transfer function is
expressed as,

a(S) K (3.67)
i.(s) ~(1+sT)
where,
T=_5 -
1+K; 0
K.

= fi % (3.68)
Hc‘1+ Kﬁ j 0
U
Kﬁ:KcDKr |:IKll:I-ml:ch |:|
T, H

where, T, =T, + T.
With this reduced current loop transfer function, the transfer function of the speed control loop
is derived as,

1+4T,s
+4T,s+8T/$+8T &

wn(s) _ 1
w,(s) H,

O
i 3.69
- (3.69)

I;L_J O

where, T, =T + T,,.
The gain and the time constant of the speed control loop is obtained as,

(3.70)

w, —1 Gy(9 ] Gu(9) ™ Giu(9 4™ @n

®, PlSpeed Current

Controller Loop

G,(9 le&——
Speed Feedback

Figure 3.12 Block diagram of speed control loop.
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T, =4T,. (3.71)
where,

— Ki DKbDHw

3.72
BT, (3.72)

Ka

The gain and the time constant equations for current and speed control loops, (3.64), (3.65),
(3.70) and (3.71), will be utilized to design control loops for SRM-, PMBDC- and DCM-based
VSD systems.

3.4.2 Main PWM Controller for the C-Dump Converter-Based SRM Drive
system

The main PWM controller for C-dump converter based SRM drive consists of speed PI
controller, triangular waveform generator and phase selection logic circuit as shown in Figure

3.13. The speed error signéd/f, —wr), is applied to the input of the speed PI controller and its

output signal is compared to triangular waveform to generate the main PWM signal. This signal is
also used as the synchronization signal for the auxiliary PWM controller to match the switch turn
off time instant between main and auxiliary PWM signals. The main PWM signal is distributed to
the corresponding phase according to the rotor position information. An 8-bit absolute encoder
for position sensing provides binary coded position information to an EEPROM (Electrically
Erasable and Programmable Read Only Memory) which is programmed to decide the firing
sequence and to generate four different advance angles for high speed operation. The distributed
PWM signal goes to the optically isolated gate drive circuit to drive power switching device.

To Main Phase

Main PWM Gate Drivers
Signal
Speed Error - (Synchronization | | Phase Selection =T
(wr _wr) Signal) Logic L -7
2
Speed PI Controller » EEPROM =T
and Limiter > T,

Comparator
10

/\/\/\/\+5V From 8-Bit
0

Absolute
Encoder

Triangular Waveform Generator
(20kHz)

Figure 3.13 Block diagram of main PWM controller.
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Design Example of a Speed Control Loop for a 250W 8/6 SRM-Based VSD System

A 250W 8/6 SRM-based VSD system has a speed control loop only. An inverting amplifier
with a feedback network which consistsRyfandC; is selected to implement the Pl speed control
circuit for the SRM-based VSD system as shown in Figure 3.14.

The transfer function of the implemented PI control circuit is found as,

0

Vv %ﬁlﬂg R)0
G(S): out(s):_ R O
) \/in(s) D SC:f R D
U U

= =

(3.73)

By comparing the term in brackets in equation (3.73) with the transfer furiishin Table
3.3, we have the expression of speed loop gain and time constant in tdRn<:0and R as
below:

K =20 (3.74)
=R .

T, =C; [Ry. (3.75)

Therefore the implementation of Pl speed controller shown in Figure 3.14 can be accomplished
with equations (3.69), (3.70), (3.74) and (3.75). The designed gain values for Pl speed controller
are as follows:

R
Proportional gain: K, = Ef =39
: 1
Integral gain: K, = =1
Ci R
R, C,
Ri
Vin © /\/\/\/ -
———o V

out

Figure 3.14 Realization of a Pl speed controller for the SRM-based VSD system.
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Figure 3.15 Simulated step speed response of the designed
speed control loop for 250W SRM at 1,000r/min.

The step speed response at 1,000 r/min (104.72 rad/s) of the designed speed control loop with
equation (3.68) is shown in Figure 3.15. The percent overshoot of the designed speed controller is
about 9% and the rise time is about 0.65s. It should be mentioned that there is a soft start circuit
in speed loop which has an equivalent pole to the zero of equation (3.68), that-i§/4T, .

Therefore the zero of the equation (3.68) is canceled out.

3.4.3 Auxiliary PWM Controller for the C-Dump Converter-Based SRM
Drive System

The control circuit for the recovery switch is illustrated in Figure 3.16. The main PWM signal
is differentiated to generate a negative slope and then applied to the inverting input of a
comparator. The difference between the voltage across the energy recovery cdpamitdithe
bus voltage V4, which decides the on time of auxiliary PWM signal goes to the noninverting
input of a comparator. The duty cycle of the recovery switch is produced by combining the main
PWM signal and the output of a comparator through AND gate. The falling edges of both gate
signals for the main and the recovery switches are synchronized to make both switches turning
off at the same instant. In order to adjust the duty cycle of recovery switch automatically by the
variation of the difference betwe&handVy., a differential amplifier is employed. The difference
voltage is reduced to the logic level and then compared with inclined main PWM signal. The
comparator output and main PWM signal is combined to synchronize the falling edges of both
signals. The duty cycle of the recovery switch is designed to be proportional to the vari&ion of
As the level oE increases, the duty cycle increases and vice versa. This ensures the voltage level
acrosC, to be fairly constant. Thus the recovered energy will be proportional to the duty cycle
of the recovery switch to maintain the voltdgéo the predetermined level, which in this sty
= 2Vdc-
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Figure 3.16 Simplified circuit diagram of the auxiliary PWM
controller and its operational waveforms.

3.5 Design Verification of the Developed C-Dump Controller

3.5.1 Experimental Verification

In this section, the experimental waveforms of the motor phase current and recovery inductor
current are measured to validate the developed controllers for C-dump converter based SRM
drive system. A typical transient experimental waveforms of the main and recovery switch
voltages and currents are also acquired to verify the operation of C-dump converter. The
predicted and measured duty cycles of the main and recovery switch are illustrated to validate the
derived analytical equations. The details of the prototype SRM drive system are given in
Appendix B. The load is a dc brush generator whose friction, windage, and armature parameters
are known. The controller has current limiting loops instead of current control loops in the
present implementation. The implemented VSD system is speed controlled.
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The typical waveforms of the measured motor phase current and recovery inductor current and
its expanded waveforms are shown in Figures 3.17(i) and (i) to verify the proposed control
circuits experimentally. The pulse width modulated bus voltage applied to the motor phase
generates a current waveform shown in Figure 3.17(i). The motor phase current is increased until
it meets the peak value and is linearly decreased after the turn off of corresponding phase switch.

The magnitude of the recovery current is maintained with reasonably constant level allowing
the proposed auxiliary control scheme to be validated experimentally. In the expanded waveforms,
shown in Figure 3.17(ii), the duty cycle of the main phase switch is wider than the duty cycle of
the recovery switch and the falling edges of both gate drive signals are synchronized as designed.

L1 1

| I \ 0
i'-‘-l ""'""IIH:HHIHIHHII..-'.-..'..

Motor Phase Current

1
I
I
Il

IWIU UIFI"\‘ITI‘” W UH‘HMI '1 M W U“ Ui Im l| [hhml‘lil[ill h”w |||‘\| TIWM H|IW|| 2

ecpvery Qulre

1
| F
Vertical : 1A/div, Time : 0.5ms
Figure 3.17(i) Measured phase and recovery current waveforms
of 8/6 250W SRM drive at 1,000r/min.
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Figure 3.17(ii) Expanded phase and recovery current waveforms
of 8/6 250W SRM drive at 1,000r/min.
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Figure 3.19 Duty cycles and phase current versus rotor speed.

A typical operational point of the SRM drive is shown in Figure 3.18 for the switch voltage
and current in the phase and recovery circuit. The recovery circuit is operated with a marginally
discontinuous current and it is inferred the recovery current derived from the expression (3.53)
correlates very well experimentally. The incremental voltage in the energy recovery capacitor is
contained within 0.01 pu as seen from the voltage across the switches with hardly any transient
peaks.

A verification of the speed range as a function of the phase current and duty cycle is attempted
in a steady-state and is shown in Figure 3.19. The machine current is 0.19 to 0.49 pu over a speed
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range of 0.026 to 1 pu. The measured duty cycle closely follows the predicted values thus
validating the assumptions and derivations.

3.5.2 Simulation of the C-Dump Converter-Based SRM Drive System

The verification of the analysis of the C-dump converter-based SRM drive is performed by the
simulation with MATLAB software. The derived circuit equations in section 3.3.3 for each mode
are rearranged in state space form by

% = A Ox+ B Du. (3.76)

where,x; is the state vector which consists of all the system states in jndaeong the five
operational modes derived in section 3.3, three distinct modes are considered for simulation.
Since there are three different operation modesy], 2, 3. A is the system matrix arfg} is the

input matrix in modej, respectively, and is the input vector consisting of the system
input functions. The numerical solutions of equation (3.76) are obtained with Backward Euler
numerical integration algorithm due to its simplicity.

The single-phase SRM model is shown in Figure 3.20. The voltage loop equation is [2],

dA(i,,, 6,
Vi = Rph[iph+%. (3.77)
where

Von = phase voltage, V

iph = phase current, A

Ron = phase winding resistanc@,

A = flux linkages, Wb-turns

6 = rotor position, rad

The flux linkage is the function of phase current and rotor position and the relationship with
motor phase inductance can be expressed as [2],

Mign: 6,)=L(ipn 6, ) Dy (3.78)

T C

Figure 3.20 Single-phase SRM model.
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The flux linkage and torque data which are both functions of phase current and rotor position
were generated by SRMCAD software [69]. This three-dimensional data is illustrated in Figure
3.21(i) and (ii). Only one half of the full rotor pitch, that is, the rotor position frdmo BC, is
shown in both plots. The other half of the flux linkages frértp0-3CF rotor position is the mirror
image of the Figures 3.21(i) and (ii). The torque shown in Figure 3.21(ii) is generated’ from 0
15’ rotor position for motoring operation. For regeneration, it should be generated in the rotor
position from Gto -15. The torque generation is explained in section 3.2 in detail.

Three operational modes are considered for simulation are shown in Figure 3.22. RYhere
indicates a parasitic resistance,is the recovery current)y is the flux of currently active
phase,\, is the flux of previously active phase aBds the voltage across the energy storage
capacitorC,. The previously active phase is the phase that was energized before the current active

phase. It is considered in simulation to provide the commutating current flows into the recovery
capacitor.

The state vector x is selected as
x=[i, A, A, E]T. (3.79)
The system input vector u is selected as
u=[V,, V, . V]'. (3.80)

where,Vq. is the dc bus voltag®s, V: andVy are node voltage at nodec andd, respectively.

Three sets of state equations are derived from three operational modes. Corresponding system
and input matrices are summarized in Table 3.4.

Figure 3.23 shows the flowchart for simulation of C-dump converter based SRM drive system.
In order to complete the simulation of the SRM-based VSD system, the flux linkage and torque
data for the prototype 8/6 250W SRM generated by SRMCAD software [69] should be provided.

The simulated four SRM phase currents are shown in Figure 3.24. The initial rising time in the
simulated current shows much faster than the current obtained with the experiment, which is
shown in Figure 3.17(i). The steady-state and turn-off current waveshapes match well with the
experimental waveforms.

The expanded phase current and recovery current are shown in Figure 3.25 along with their
PWM switching signals. The duration of switch on time and instant of the switch turn off time are
simulated clearly as explained in section 3.4.2.
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Figure 3.21 Flux and torque data versus motor phase current
and rotor position for a prototype 8/6 250W SRM.
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Table 3.5
System and input matrices for simulation of a C-dump converter based 250W SRM drive system.

Mode A-Matrix B-Matrix
2R, [ 0 =
3 0 o -2RD JR H1,ROR RE
LRE 0o LR O, LRO LR LR
00 0
® 00 0O 0 o 1 o -10
B 2 O 0 1 10
0 00 -0 0 0 2 ReC
O GO & RC, RGH
000 -0 |BR ALLRAR RI
” LRE o LR O, LRO LR LRp
900 O a0 -1 00
@ o0 0O § -1
] 1 0 g © 0 1:LD
® 0 0 —p 0 o 0o ——0O
0 01 0| O 01 H .
0o oo—m—+i% T preten R g
m | O oL, LR 0 LR OL LRO LR LRp
00 0 0 0 ol OO0 1 -1 00
Qoo g 4|00 1 o
1 1 1
- 00 -—— O| 00 0 O Rch
<, RG G| @ &0
Load Flux Linkage @
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+ for Each Phase
Enter Constant Parameters +
Motor, Load, PWM, Determine Firing
Pl Contrfller, etc. Sequence
Initialization of Con*pute
State Variables State
+ Variables
@ -« | Store State
Variables

PWM
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®

Figure 3.23 Flowchart for simulation of the C-dump converter-based SRM drive.
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Figure 3.25 Expanded current and PWM switching signals
for main and recovery switches at 1,000r/min.

3.6 Input PF-Corrected VSD System with SRM

The development and analysis of C-dump converter for SRM-based VSD are presented in
previous sections. In this section, the analytical and experimental results of the implementation of
PF corrected C-dump converter-based SRM drive system in regard to efficiency and harmonic
contents of the input supply current are introduced. The loss model of the C-dump converter-
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based SRM drive system is derived to predict the drive system efficiency. The predicted efficiency
of the 300W PFC preregulator is obtained with equation (2.14). Experimental results from a
laboratory prototype SRM which has the maximum power output of 250W at 4200r/min are
presented with measurements of efficiency, PF and input current harmonics with and without the
PFC circuit. The parameters of the 250W SRM are shown in Appendix B.

3.6.1 Implementation of the Proposed System

The implementation details of the proposed system are given in this section. The PFC circuit
was built for 120V ac input and 190V dc output with a power rating of 300W. The control of
PFC circuit was achieved with a dedicated single chip controller UC3854 and the whole PFC
circuit was packaged in"8"8" 4ncluding the heatsink etc. The parameters for the prototype
300W PFC is shown in Appendix A. The design of the control circuit for the PFC stage is not
discussed here because it may be obtained in many sources, such as [39, 70]. The outer
dimensions of the SRM are 4.4"(diameter) and 3.75"(length) and an 8-bit absolute encoder is
attached to the rotor shaft. The construction of the overall SRM-based VSD is based on the
circuit diagram shown in Figure 3.26. The power circuit diagram of the C-dump converter shown
in Figure 3.6 is used to build the C-dump converter based SRM drive system. The main and
auxiliary controllers for the C-dump converter are implemented as explained in Section 3.4.

The experimental setup for the prototype C-dump converter-based SRM drive system with and
without PFC front-end preregulator is shown in Figure 3.26. The proposed experimental setup
consists of four subsystems: PFC preregulatorbrage rectifier, C-dump converter, SRM,

With PFC
8/6
250W
°_® S HGE e t "
in
T L /
D
AC @) PFC @D L, 22 [
120V Preregulator " D, \
T 2 D: = \
L]
T 1+
i <%>T"H:jl "R TR h
(S AC - 4 +—+- + <+ +
Without PFC C-ump Converter
— AC +
Variable DC
* = Resistor Generator
an)
C, |
Load
- AC -

Figure 3.26 Test setup for C-dump converter-based SRM drive
system with and without PFC circuit.
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and dc generator load. The bridge rectifier circuit incorporates a single-phase bridge rectifier
diode and filter capacitor as shown in Figure 1.4. This circuit will beacegdl with a PFC
preregulator module when the effect of PFC is evaluated. A dc voltmeter, represdatiadizs

figure, is connected across the recovery capadiigrio monitor the voltage across it. Other
typical instrument connections are shown in Figure 3.26. All the ac and dc power is averaged and
measured using voltmeters, ammeters and precision wattmeter. It is estimated the error in the
reading is in the order of 1 to 2%. The load for the SRM drive system is a permanent magnet
brush dc generator whose details are given in Appendix B.

3.6.2 Discussion on Experimental Method and Results
Experimental Method

The devised experimental setup can measure various currents and voltages of the SRM drive
system with and without PFC regulator. The obtained experimental values will further be utilized
to analyze and compare with the predicted values. The ac-dc-ac conversion scheme is required for
this experiment. The ac-dc conversion stage will be either PFC preregulator or bridge diode
rectifier circuit. The C-dump converter is used for dc-ac conversion stage for a 250W 8/6 SRM.
The dc input voltage to the C-dump converter is maintained at 190V dc. To obtain 190V dc
without PFC circuit, the ac input voltage was raised to 138V ac even though the input to PFC
circuit was 120V ac only. This fact could have improved the efficiency of ac to dc converter in the
rectifier case slightly as the rms input current declines due to the increase in supply voltage.

For proper comparison of the drive system with and without the PFC, the power which is
proportional to the motor speed was set for each case. The tested speed range was from 100 to
2300r/min with 100r/min increment. This speed range is equal to the rated output power range
which is from 4.17 to 95.83W with 4.17W increment. A small difference exists between the
system with and without PFC over the entire speed range due to discrete steps in the sensitive
load resistor bank connected to the dc generator.

Input Variables

A sample input voltage and current with their harmonics spectra at 96W output power (
2,300r/min ) are shown in Figure 3.27(i) and (ii) for the case without and with the PFC circuit,

Figure 3.28 shows the comparison of the magnitude of current harmonics in input current with
and without PFC. The modified Class D relative harmonic current limit values of theOEE3-

2 [24] are applied to verify the effectiveness of PFC circuit. The magnitudes of the odd numbered
current harmonics far exceed IHiGits without PFC. With PFC, it shows the proposed PF
corrected SRM drive system meets IEC regulation with a meaningful margin.

The comparison based on input power factor and magnitude of input current is shown in
Figure 3.29(i) and (ii), respectively. Increasing load attenuates the harmonics amplitudes and also
improves the power factor. This may be attributed to the increase in the input current and better
control of it in the PFC circuit, making the current follow the sinusoidal reference very closely.
Note that by assuming the tracking error remains the same regardless of the peak magnitude,
the percentage of the error current decreases as the peak current increases. Hence there is the
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Figure 3.27 Experimental waveforms of the line voltage, current and harmonics spectra
of the line current without and with PFC regulator at 2,300 r/min.
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Figure 3.29 (ii) Magnitude of input ac current with and without PFC preregulator.

reduction of sideband harmonics and improvement in the input power factor. In the case of the
simple bridge rectifier, the current conduction angle will increase with increasing load,
contributing to the same phenomena discussed above for PFC. The required input ac current is
less with PFC than one without PFC while using the same power output level. This phenomenon
is more clear in higher output power range because the harmonic components are getting bigger
without the PFC circuit, therefore the total rms input current is increasing as explained in
equations (2.1) and (2.2).

Efficiency

The efficiency is calculated between the ac input and motor shaft output. The output power of
the SRM is found as the sum of the dc generator output and its losses, and given by [1, 62],

P,=Vv,0,+I2R,+V,0,+P, , W. (3.81)
where,
V, = output voltage of the dc generator
l, output current of the dc generator
R, = armature resistance of the dc generator
V, = brush drop of the dc generator
P, = friction and windage losses of the motor-generator set
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Figure 3.30 Friction and windage losses of a 250W SRM and Pittman DCM set.

The frictional and windage losses of the SRM plus dc generator as a function of speed is
measured and plotted as shown in Figure 3.30.

The rated load current atr/min is estimated as,

P -P
o> ™ A (3.82)

Ior nKb

whereKjy is the emf constant in V/(r/min) ai), is the rated output of the dc generator given by

[1],

U
11
c't
X
?I:I
>
OO,

, W. (3.83)

=)

b

whereP, is the base power in Wi, is the base speed in r/min, and the constant according to
load characteristics such &s,1 for constant loack=2 for friction load andk=3 for fan type load.

The input power of the drive system is the sum of total losses in the drive system and the rated
output power as explained similarly in equation (2.17). The loss model of the C-dump converter
based four phase SRM drive system is derived in terms of phase current, recovery current and
duty cycles of both main phase switch and recovery switch considering the loss equations in
Table 3.2 and power component values used in the prototype drive system and given below:

Py =[0.25+(2.20)d]17 +(508-d, )I, - (0.92d,
4 0.39+(0.60)gl|1” +(202-d,)I, + 184, W. (3.84)
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The constant term is the sum of the switching losses of four phase diodes and the recovery
diode. The losses due to high frequency effects and core losses in SRM are not considered
in this model. The calculation process to predict the system efficiency is summarized in Figure
3.31. The phase current is evaluated as the sum of the input dc duseemd, recovery current,
as shown in Figure 3.7(i). The input dc current is estimated with the rated output power of the
SRM. The recovery current is obtained with equation (3.56) considering dutg.cyte.

The total losses in SRM drive system which includes C-dump converter and motor is found
with equation (3.84). Without the PFC preregulator, the sum of the rated output power of the
SRM, the total losses found with equation (3.84) and the bridge rectifier conduction losses
explained in Table 2.2 becomes the system input power. The estimated input power of the SRM
drive system is considered as the output of the PFC preregulator. The input power of the PFC
circuit is obtained by addingptal lossesin the PFC circuit to the input power of the SRM drive
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Figure 3.31 Efficiency calculation procedure for the SRM drive
with and without PFC preregulator.
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system. The overall SRM-based VSD system efficiency with the PFC preregulator is evaluated as
the product of the PFC efficiency and the SRM drive system efficiency.

Efficiency and power output versus speed is shown in Figures 3.32(i) and (ii) to validate the
calculation of losses in the machine and circuit components. The small deviation between
measured and predicted efficiencies may be contributed by the additional ac resistance losses and
core losses in the machine that are not accounted in the computation. Note that the output power
is normalized to 75W, i.e. the nominal power output of the SRM at 1,800 r/min. The efficiency
of the C-dump converter-based SRM drive system is shown in Figure 3.32(i) and the overall
efficiency versus speed including the ac to dc conversion stage is shown in Figure 3.32(ii). All
of them show an increasing trend of efficiency with increasing IoEte low efficiency of the
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Figure 3.32(i) SRM drive system efficiency and normalized
measured output without PFC preregulator.
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system is due to the poor efficiency of the C-dump converter as it has power switching devices
with higher conduction drops and copper losses in recovery inductor and also due to the high
winding resistances of SRM. The system without PFC has at least 2% greater efficiency compared
to the one with PFC up to power levels of 90W. This is contributed by the switching losses in the
PFC boost stage. In spite of the higher efficiency, it is important to consider the effect of the low
power factor and rich harmonics generated by the bridge rectifier with larger filter capacitor. If
efficiency is the only concern, the integration of a PFC circuit in the drive system is not viable.

The error of efficiency prediction for SRM drive system is compared in Figure 3.33 with and
without PFC preregulator. The error shows relatively high up to 400r/min and settles down
within £10% beyond that speedThis indicates the developed loss model for the SRM-based
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Figure 3.33 Efficiency prediction error versus SRM speed
with and without PFC preregulator.

Table 3.6
Statistical analysis of efficiency prediction errors for
SRM drive system with and without PFC preregulator.

Fig. 3.25(1)) | Fig. 3.25(ii)

with PFC | without PFC
Total Observation 23 2B
Minimum Error -14.57, -16.12
Maximum Error 23.15 6.69
Mean 0.58 -1.12
Median -0.99 -0.69
Variance 60.94 26.31
Standard Deviation 7.811 5.13
Standard Error 1.68 1.7
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VSD is not satisfactory to predict the efficiency in low speed, in this case less than 400r/min. The
detailed statistical analysis results for the prediction error are tabulated in Table 3.5. The
efficiency with PFC preregulator shows wider dispersion of error distribution.

3.7 Conclusions

This chapter addresses the analysis and design of the C-dump converter for a four phase SRM
drive system and proposes the input PFC for the SRM-based VSD.

Analytical derivations are made for each identified mode of operation in the motor drive, and
insights into the limits on maximum speed of operation is derived in terms of the C-dump
capacitor voltage and other motor parameters. The ratings of the converter switches, diodes,
inductors and capacitors are derived based on the analysis for a given SRM capacity. The key
theoretical results were verified with a closed loop 250W laboratory SRM drive system. Also the
analysis of the losses in the converter was included to aid in the computation of efficiency and
hence in the overall efficiency of the SRM drive system. The main and auxiliary controllers for the
C-dump converter have been developed and its performance has been validated with experiment
and simulation. The developed controller may be suitable to the low cost SRM-based variable
speed appliance drive system implementation. All of the above constitute original contributions in
the analysis and design of the C-dump converter for SRM drive.

Input power factor correction for the SRM-based VSD system has been proposed for
appliance applications and experimentally verified on a laboratory prototype SRM drive system.
Its performance has been compared without a PFC regulator and found to be inferior in efficiency
by 2% consistently, even though it is superior in input power factor and less in third order
harmonics over the entire speed range of operation from 100r/min to 2,300r/min. For appliance
applications, the introduction of the PFC circuit will enable a pure sinusoidal current from the ac
supply and if that is going to be an important criterion, then it is recommended for integration
with a clear understanding that it will lower the efficiency. This is a significant result arising from
this study. While enhanced packaging size and increasing differential cost for the PFC-based SRM
drive will be serious factors of concern in high volume appliance applications, it should be noted
the effects of both can be mitigated, if not eliminated, in such a manufacturing environment.
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