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Modeling, Control, and Seamless Transition of the
Bidirectional Battery-Driven Switched Reluctance
Motor/Generator Drive Based on Integrated Multiport
Power Converter for Electric Vehicle Applications
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Abstract—This paper proposes a generalized control method for
battery-driven switched reluctance motor (SRM) drives based on
integrated multiport power converter (IMPC) with small-ripple
bidirectional power flow ability in electric vehicles. Large power
ripple caused by the current commutation is a challenge issue for
SRM drives, which would lower the system efficiency, requires ex-
tra heat dissipation in the battery and shortens its lifetime. The de-
tailed model of the SRM drive and IMPC is developed which covers
both motoring and generating modes of operation. Based on this
model, an advanced multiobjective power flow control method with
repetitive controller is proposed to restrain battery current ripple.
Because of the unified model, a seamless transition between various
modes can also be achieved. Finally, simulation and experimental
results demonstrate the feasibility and superior performance of the
proposed control method.

Index Terms—Capacitance reduction, electric vehicle (EV),
motor drive, multiport converter, repetitive control, seamless tran-
sition, switched reluctance motor, three-port converter.

1. INTRODUCTION

WITCHED reluctance motor (SRM) [1], [2] has several ad-
S vantages when compared to other competing machines in-
cluding but not limited to low cost, fault tolerance, wide range of
speed, and ability to operate under harsh environment [3]. Their
rotor construction is robust and as well as simple which makes
SRMs a serious contender for propulsion systems in electric
vehicles (EVs) [4]-[6], including hybrid EVs (HEVs), plug-in
hybrid EVs (PHEVs), and battery EVs (BEVs). However, dur-
ing the period of current commutation between various phases,
there exists significant energy transfer between the dc source
and the machine, which would lead to large current ripple in the
dc source. However, in EVs, the dc source would often consist of
Lithium-ion (Li-ion) battery packs because of its high power and
energy density. Such large ripple current required by the SRM
would cause several problems: 1) excessive temperature rise oc-
curs in the battery pack which leads to bigger cooling system
and even thermal management requirement, 2) capacity fading
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resulted from the excessive temperature rise [7], and 3) pulse
charging and pulse discharging is reported to be detrimental to
Li-ion batteries’ performance [8]. The latter affects the accuracy
of battery monitoring and management [9], which might further
run to battery’s safety issue [10]. As a result, the cost and size of
the battery pack and thermal management usually form a major
part of the overall system. Conventionally, large electrolytic ca-
pacitors are used to restrain this undesirable ripple power, how-
ever, the theoretical lifetime of electrolytic capacitances is much
shorter than the lifetime of semiconductors and other passive
components [11], [12]. Moreover, the SRM allows for bidirec-
tional power flow which means that it can operate in both motor-
ing and regenerative braking modes. This can help to extend the
driving range of vehicles by harvesting and transferring kinetic
energy into the batteries during the braking period. Therefore,
it is important to engineer a seamless and flexible power flow
control in SRM drive as used in EV/HEV applications [13].

Recently, many researches have been launched in various
fields to adopt either passive compensation approaches or active
methods to cancel the undesirable power ripple for batteries in
place of large electrolytic capacitors. The current ripple genera-
tion and propagation in fuel-cell power system are analyzed and
a dual-loop control method to reduce the current ripple through
the fuel cell is proposed in [14]. Itoh and Hayashi [15] have
added an LC branch at the midpoint of the transformer primary
winding and provided ripple control using a small dc capacitor.
In reference to renewable energy applications, an extra circuit is
utilized to replace the electrolytic capacitors in [16] and [17] to
achieve power decoupling with small capacitance requirement.
Furthermore, Rong-Jong and Chun-Yu applied coupled induc-
tors into several topologies including H-bridge inverter, bidirec-
tional dc—dc converter, and bidirectional H-bridge converter, to
serve as main topology for injecting harmonic current into the dc
bus [18]. Furthermore, several new topologies are presented as
inverter and rectifier with power decoupling capability to cancel
the power ripple in [19] and [20] for power system and micro-
grid applications. In [21], previous method are summarized and
the idea of using three-port converter to achieve capacitance
minimization for sing-phase inverter and rectifier is proposed.
Despite of the feasibility of all these methods, they mainly fo-
cus on fixed-frequency (double-utility frequency, 100/120 Hz)
power ripple reduction.

In case of the battery-driven SRM drive system, several spe-
cific attributes are worth noticing. First, following the motor
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speed, the frequency of power ripple in the SRM system would
vary (i.e., various power ripple frequencies will be taken from
the battery). Second, the power mismatch during current com-
mutation period is nonlinear and uncertain which will gener-
ate multiple harmonics instead of only double-utility frequency
power ripple. Hence, it is more difficult to deal with such unbal-
anced power with small capacitors. The method based on com-
mutation elimination is discussed in [22] to overcome the disad-
vantages of high dc-link capacitance requirement. Based on the
idea of modifying the turn-off and turn-on procedure, a direct dc-
link voltage control scheme was developed in [23] and [24]. Sim-
ilarly, Suppharangsan and Wang proposed a modified switching
technique to replace hysteresis control for dc-link capacitor min-
imization and verified its feasibility in [25]. However, the current
rating for switches and diodes would increase. By employing
various torque ripple reduction method, including both machine
design [26], [27] and control strategies [28]—[31], the power rip-
ple can also be reduced. However, the extent to which this can
be achieved is always limited by the efficiency of the motor [32].
In [33], split dc-link capacitor technology is presented to reduce
the dc-link capacitance requirement under the precondition of
balanced energy consumption between two capacitors.

A new integrated multiport power converter (IMPC) has been
proposed and analyzed for SRM drives in [34], which can
achieve dc-source current ripple reduction with fewer switches
and capacitors. These advantages of IMPC make it potential
for EVs with battery packs. However, Cai and Yi [34] dis-
cuss the capacitance requirement and the operation principle of
IMPC. Control strategy and bidirectional power flow are not
introduced. Using IMPC as the main SRM drive topology, this
paper develops the model of the overall system incorporating
SRM and IMPC. Both motoring and regenerating modes can
be described using this model. Consequently, a new control
method is proposed to achieve battery current ripple reduction
and phase current control. In order to remove the effect by
coupling relationship between control loops, an extra repetitive
control branch is added in order to further optimize the perfor-
mance of battery current control. Meanwhile, based on a unified
model for motoring and regenerating modes, the proposed con-
trol scheme can achieve seamless transition between the two
modes, which helps to restrain the overcurrent and improve the
system reliability. Experimental results are presented to validate
the feasibility and performance of the proposed control method.

The rest of this paper is organized as follows. In Section II,
IMPC is briefly introduced. Based on that, a unified model
covering the SRM and the converter is developed. Then, the
two operation modes are discussed and a control method in-
corporating repetitive controller is proposed in Section III. Its
steady-state performance, especially ripple control, is analyzed
as well. Subsequently, the seamless transition function is briefly
discussed. A set of simulation and comparative experimental
results including waveforms for steady state and transient pro-
cess are provided in Section V. Finally, conclusions are drawn
in Section VI.

II. IMPC As SRM DRIVE

A multiphase converter is indispensable for transferring en-
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Fig. 1. Application of SRM: (a) configuration of PHEV&BEY, (b) the SRM
drive system.
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Fig.2. SRM current commutation: (a) the phase current, (b) magnetic energy
stored in SRM versus current.

H-bridge (ASHB) topology in Fig. 1(b) is commonly used be-
cause of its simplicity. The waveform of phase current injected
to SRM is shown in Fig. 2(a), and the relationship between the
magnetic energy stored in one phase of SRM and current is
illustrated in Fig. 2(b). However, the sudden change of power
during current commutation periods cannot be handled by the
ASHB. This leads to drastic change in the output power of the
battery pack, causing periodic high peak current and high di/dt
for the battery. In order to reduce this current ripple, Cai and Yi
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Fig. 3. IMPC as SRM drive.

Compared to asymmetrical H-bridge converter, the presented
IMPC has several advantages. These advantages include

1) The capacitor is separated from the dc source. Hence, the
dc source voltage will not be affected by the capacitor.

2) Both the average voltage and the ripple voltage of the
capacitor can be large which allows for reduction of the
capacitance requirement as much as possible.

3) The current through the dc source is filtered by an inductor,
thus no electrolytic capacitor in parallel with the input dc
source is necessary. Moreover, the requirement for the dc
source voltage is loosen and can be lower than what the
SRM needs (i.e., it does not act as dc link).

4) The dc-link voltage is flexible. By increasing the dc-link
voltage, the time for de-energizing phases decreases so
that conduction angle could be increased and larger aver-
age torque could be obtained. The speed range is widened
which is especially appealing for high-speed applications.

5) Only five switches, three diodes, one inductor, and one
small capacitor are needed in the IMPC in a three-phase
SRM drive which means lower cost and higher power
density in the motor drive. If the SRM contains n phases,
n + 1 legs are necessary so that n + 2 switches and
n diodes are needed in total.

6) Only n + 1 wires are required to drive an n phase SRM,
which means less bulky wire harness.

In addition, similar to the ASHB, the IMPC can handle
bidirectional power transfer between the SRM and the dc
source. This is usually a battery pack or fuel cell in vehicular
applications.

Even though the current ripple and capacitance reduction
brought by IMPC have been verified in [34], it mainly focuses
on the motoring mode of operation. The generating mode has
not been discussed using IMPC. In addition, a simple control
method is employed to control the converter, which limits its
performance. Because dc source current, output current as well
as dc the capacitor voltage have to be controlled, a multiloop
control method is necessary. Unfortunately, the coupling rela-
tionship between different loops has not been estimated yet.
This relationship will generate disturbance for all of the control
loops and worsen its ripple reduction capability. Therefore, an
advanced control method applicable to both motoring and gen-
erating modes is desirable to improve the system performance
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III. PROPOSED GENERALIZED CONTROL METHOD BASED ON
REPETITIVE CONTROL

When employing the IMPC topology instead of the ASHB
in transferring power from the battery to the SRM, there are
several control objectives for IMPC. The battery current and the
phase current for SRM should be controlled at the same time.
Also, the capacitor voltage has to be limited within a certain
range according to the requirement of the SRM and the capaci-
tor voltage rating. Under this circumstance, the control method
becomes more complicated. Furthermore, [34] also indicates
that large voltage ripple on dc capacitor cannot be ignored if the
battery current is controlled at a constant value because the rip-
ple power required by the SRM should be compensated by the
dc capacitor. This voltage ripple can also complicate the con-
troller design difficult. In order to properly design the controller,
modeling and analysis of the drive and SRM are needed.

A. Modeling

There are two parts to be modeled, one is the proposed IMPC
and the other one is the SRM. First, the models of the SRM and
the IMPC are analyzed separately. The stator pole number of
the SRM is denoted by n. The current through each phase is iz,
k € [1,n] and the current through the inductor is 7, . The bridge
connected to the dc source is multiplexed, so there is only a
single stage. It is desirable to establish a model of the entire
system including both the IMPC and the motor windings. For
the sake of simplicity, the mutual inductances between different
phases are ignored, and speed of the motor is assumed to be con-
stant considering that the time constant of the electrical circuit
is much smaller than that of the mechanical system. Based on
the average model of the converter with SRM’s phase currents
taken into account, (1) can be derived

di .
Ld—tL =uvy, — (1 =d)ve — Rpiyp

dve n n (1)
CW:(l_d) ’LL—I;ZIC +};(1—dk)lk

where d is the duty cycle of switch Sy; d;—d}, are the duty cy-
cles of switches connected to phases 1 through k, respectively;
iy, is the inductor current, ¢;—i; are phase currents of phases
1 through k, respectively; Ry, is the resistance of the inductor;
ve is the voltage of the capacitor. It is assumed that the cur-
rent in each phase is continuous when the phase is energized.
It is assumed that the current through the SRM phases is I;;
(equals Y ) _, i) and Iy (equals Y ;_; (1 — dj)ix), the sim-
plified model of IMPC is shown in Fig. 4.

Similarly, SRM can be modeled using electromagnetic equa-
tions. Considering that the flux linkage of a phase is related to
both the position of the rotor and the current flowing through
the phase, the equation for each phase of the SRM is expressed
as follows:

_ o oder o Opp diy | Oy dOy
ok = it g = Rl 5 90, e
dip ~ OLy (0,1
= Ryip + Ly (972')&—# & ’l)wik. )
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Fig. 4. Simplified model of the SRM drive system based on IMPC.

Also, the phase excitation voltage of the converter can be
expressed as follows:

vp=1—-d)ve—(1—dp)ve = (d, —d)ve.  (3)

The electromechanical equations for SRM can be written as
(4) using a simplified model introduced in [35]

d

d—fzv—Ri

dw 1

_— = — — 4
7 J(Te Tr) (€))
@ _,

dt

where ¢ is the flux, w is the mechanical speed, 7, is the electro-
magnetic torque, 77, is the load torque, and .J is the rotational
inertia. The calculation of the parameters in generating mode
and motoring mode are analyzed in sequence.

1) Magnetic Flux Linkage ¢: The expression for ¢ is shown
below. Since L is related to € and i, the derivative of ¢ is ex-
pressed in terms of # and L

71—

di

d dL
¢:L(9,i)z’:>‘p=iw+(L+ =

dL\ di
d db

Considering that L is a periodic function of rotor position, ¢
can be expressed in form of Fourier series as shown in (6). For
the sake of simplicity, only the first three orders are considered,
as shown in (7)

L(0,i) = Y Ly (i) cos (nN,.0 + ) (©6)
n=0

L(0,i) = ALy (i) + AL; (i) cos (N, 0 + ¢1)
+ALy (i) cos (2N,.0 + p9) 7

where, the coefficient AL (i), ALy (i), AL (7) are expressed
using the inductance at unaligned position (L, ), that at aligned
position (L, ) and the inductance at the midway from the aligned
position to the unaligned position (L, )

ALy =+ (1 (Lo + L) +Lm)

2\ 2
1
ALl = 5 (La - Lu) (8)

1/1
AL2—2<2(La+Lu)_Lm)
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Since saturation effect is negligible at unaligned position,
L, can be assumed constant. However, L, and L,, are highly
affected by phase currents because of the magnetic saturation.
They can be approximated using polynomial functions given by

k
L, (i) = > api”
n :k 0 (9)
Ly, (i) = > byi".
n=0
The inductance at unaligned position and aligned position
stay the same for motoring mode and generating mode. If hys-
teresis effect is ignored, the midway inductance for the two
modes should be the same as well. Otherwise, the midway in-
ductance can be replaced with another coefficient: L,, , (i) =
Zi:o b,11". Based on (5)—(9), (10) is obtained

dL 1 /1
L —+ 11— = — < (BLa — BLU) + BLm)

di 2\ 2
1
—|—§ (BL, — BL,) cos (N,.0)
1/1
+§ (2 (BL, + BL,) — BLm) cos (2N,.0)
dL N, .
Fr iy ((BL, — BL,,)sin (N,.0)
+(BL, — BL, —2BL,,)sin (2N,.0))
(10)
where the coefficients are calculated as
k
BL, (i) = > (n+1)a,i"
n=0
]C )

BLy (i) = 3 (n+1)byi"

n=0

and the coefficient BL, is fixed as L,,. The derivative of ¢ in
(5) can be rewritten as

dy N, . .
o oW ((Ly, — L) sin (N,.0)
+ (L, — L, —2L,,)sin (2N,.6))
1 1
— - (BL, — BL BL
+2 <(2 ( a u) + m)
+(BL, — BL,) cos (N,.0)
1 di
+ (2 (BL, + BL,) — BLm> cos (2NT¢9)) TR
(11)

2) Electromagnetic Torque T, : From the coenergy relations,
the electromagnetic torque can be developed as a closed form
solution based on the phase current and the inductance at each
position

N,

T, = 7Ti2 ((CL, — CL,)sin (N, )

+(CL, — CL, —2CLy,)sin (2N,0))  (12)
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In (12), the coefficients are summarized as

2
Ln ) = nn
CL, (i) n;on+2az
CL,, (i S 2 byt ’
m (1) = nzn
W= 2

and the coefficient C'L, equals L,. For motoring mode, the
phase current exists in the range [0°, 180°] for 6. Under this
condition, 7 is positive. For generating mode, phase current is
applied in the range of [ 180°, 360°] for #. Therefore, T, becomes
negative. No matter SRM operates in motoring mode or gener-
ating mode, (12) is valid. Moreover, all the coefficients (C'L,,,
CL,,, and C'L,) should be the same for motoring mode and
generating mode, which means that the equivalent model does
not change during mode transition and a generalized control
solution is potential to cover various modes.

Combining (10)—(12), one can get the state-space equations
of the SRM drive system, which is shown in (13) at the bottom
the page.

Since the inductance of each phase depends on both the rotor
position and the current, it is time variant and nonlinear. It is
preferred to linearize it around a steady-state operation point. By
linearization, the system performance can be analyzed, and then
the corresponding controller design can be completed. However,
since the magnetic saturation of the SRM will affect the opera-
tion point, it is necessary to verify the closed-loop stability using
the large-signal model after inserting the controller.

Considering that the rate of variation in rotor speed is much
smaller than that of voltage and current, speed can be assumed
to be a constant (i.e., w = df/dtis fixed). Rewriting (13), the
equivalent model is shown in form of state-space equations as
follows:
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A=
o 1-D D— D, D—D, 7
C C C
1-D Ry
L I 0 0
M M
0 0
2(D, —D) —2R, — N,wN 0 0
L M M ]
_0 : e — 1L 7171 ,h_
C C C
1 V.
L L
-2V, 2V,
B e c c R
0 M Y 0
—2V, 2V,
0 M O 7 0
-2V, 2V,
LY M 0 0 M
K 0 0 0]
0 1 0 0
C=10 0 1 0
L0 o 0 ... 1]
1
M = (5 (BL, — BL,) + BL,,,) + (BL, — BL,) cos (N, 6)

1
+ (E (BL, + BL,) — BL,,L) cos (2N, 6)

{x’ — Az + Bu () N = (L, —L,)sin(N,0)+ (L, — L, — 2L, )sin (2N, 0)
y=_Cx where D represents the duty cycle of the lower switch in the com-
mon leg and D,-D,, are the duty cycles for the lower switches
where, x = [v.,ip, 01,12, ...0n]",u = [V, d,dy,ds,...d,]", in the other legs which correspond to each stator phase of the
y:[i[milw"uin]T SRM.
di
L% = v — (1 —d)ve — Ry ig
d’U n
C dt} = (1—d)’LL +Z(d—dk)2k
=1
N, . . .
di 2 <(dk —d)ve. — Rpiy, — — kW ((Ly — L,)sin (N,.0) + (L, — L, — 2L,, ) sin (2NT9))>
df = 7 - k€ [1,n]
(2 (BL, — BL,) + BLm> + (BL, — BL,)cos (N, 0) + <2 (BL, + BL,) — BLm> cos (2N,.0)
E =7 ( —CL,)sin(N,0)+ (CL, — CL, —2CL,,)sin (2N, 0)) — TL)
dt

13)
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Even though speed variation is slow, the coefficients in (14)
are changing following 6. One can simplify the equations ac-
cording to the specific operational condition of the SRM. For
instance, during most of the time, there is only one motor phase
working and the others are in idle mode. Hence, the number of
the state-space equations in (17) can be limited at 3. Meanwhile,
if one uses hysteresis control method to keep the SRM phase
current constant, the effect caused by the dc bus voltage can be
ignored. Then, the SRM phase current can be considered as dis-
turbance for the inductor current control and the dc bus voltage
control.

The phase inductance is assumed to be constant and the
derivative of phase inductance with respect to position € is also
assumed to be constant. At certain position, these two parame-
ters can be obtained with (7) and expressed as (16). Variables
are perturbed as shown in

ip =1Ip +1ir
ve = Ve + i (15)
ir, = I + iy
Ly (0,i) = Ly = ALg (i) + ALy (i) cos (N0 + ¢1)
+ALj (i) cos (2N, 0 + ¢2)

16

(%kTEj’i) =K = N, AL; (i)sin (N, 0 + 1) "
+2N, ALy (i) sin (2N, 0 + ¢3) .

For the SRM, only one phase is energized during most of the
time. Hence, if only the current flowing through one phase is
considered, the small signal model can be derived as shown in

di - .
L%:—(I—D)®C+%d—RLiL
divc . : . o
CW =((1=D)iy —Ipd+ (D — Dy) iy + Ij;(d — di)
di, S . -
Lk:% _v (dk —d) + (D, — D) e — Ryt — Kwiy,
ke [1,n]

a7
There are three output variables and two input variables in this
model. However, the control loops for each of the three variables
will have separate bandwidths. The phase current control loop
should be designed to have the highest bandwidth while the
dc capacitor voltage control loop has the lowest bandwidth.
As aresult, the model can be analyzed as separate single-input-
single-output subsystems. Taking the Laplace transform of (17),
the relationship between i ,%; and duty cycles d, d; can be
derived as shown in

(18)
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where

CsV,
1-D

(D — D) Ve

Lps+ R, + Kw
(D — D)V,
(Lrs + Ry + Kw) (1 — D)
Cs(Ls+ Ry) + (1 — D)
1-D

(D — Dg)* (Ls + Ry)

(Lis+ R, + Kw) (1— D)’

J(S):— + I, — I, —

(19)
T(s)=—

B. Coupling Relationship

Since that the input current, the output current, and the dc
capacitor voltage should be controlled, the overall system is
multiple input and multiple output. The coupling relationship
has to be addressed especially between the input current and
output current. The experimental results in Section IV will in-
dicate the effect caused by coupling relationship. According to
the simplified model in Fig. 4, the state-space equations in (20)
can be derived as

Vi -0
i (20)
C dtc =1 —d) (ig +In) + Ipo.

Subsequently, the transfer functions from the different dis-
turbance sources, i.e., I;; and I;9, to the current ripple in the
inductor are derived. The dependence of disturbance upon the
system can be analyzed using the transfer functions

ir, () (1- D)’
Gl = 1 = ot mosta-pE Y
iL (S) 1-D
Guo (5) = — @
2(5) Igs (s) LCs* + R.Cs+ (1 — D)’ 2

The main frequency of the current ripple is determined as
the phase excitation scheme. If all stator phases are excited
using the same turn-on and turn-off angles and the same current
magnitude, the main frequency can be obtained as

fm =N x Nphase X Mpole,rotor (23)

where, N is the mechanical speed of the shaft and is measured
in revolutions per second. However, if the phases are excited
differently, a lower frequency component will be significant

fm =N x Tpole,rotor- (24)

The values of the circuit elements and the configuration of
the SRM used in the experiments and the calculation of transfer
functions are listed in Table I in Section IV.

Assuming that the SRM analyzed here operates in the speed
range of 1000 to 2000 r/min. The steady-state duty cycle of
the upper switch is set at 0.5, which means that the voltage of
the capacitor is controlled at twice the voltage of the battery
theoretically. Then, the parameters in Table I can be inserted
into the transfer functions (21) and (22) to obtain their Bode
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TABLE I
PARAMETERS OF THE MOTOR DRIVES IN EXPERIMENTS

ASHB
Parameter Value
Input voltage 280V
Switches STGIPS30C60%2
Dc bus capacitor 660 pf

IMPC
Parameter Value
Input voltage 110.0-128.0 V
Dc bus voltage 280 V
Switches STGIPS30C60
Switching frequency 20 KHz
Inductor 540 pH, 24 mQ
Dc bus voltage 250-350 V
Dc bus capacitor 220 uF

Ln
=

=

Magnitude (dB)
i

R
o)
=0

P — i
§;135- 3T
o 90F
8
oy 45“

0

102 10° 10* 10°

Frequency (rad/s)

Fig. 5. Bode plots for the transfer functions from the two sources of distur-
bance to the battery current.

Fig. 6. General one degree-of-freedom feedback control system model for
input current control.

plots. The Bode plots of the above transfer functions are shown
in Fig. 5.

The above transfer functions and the corresponding Bode
plots show a very high gain from the disturbance to the input
current at the frequency range corresponding to the assumed
speed range of the SRM. Specifically, the gain is about 3.3 dB
for transfer function (G4; and 9.3 dB for transfer function G 45 at
200 Hz, which is the main frequency component caused by the
large disturbing currents when the motor is running at a speed
of 1000 r/min. Ignoring the measurement errors, the current
control loop can be modeled using the general one degree-of-
freedom feedback control system model shown in Fig. 6, where
K(s) is the controller, G(s) is the plant, and G(s) is the transfer
function from disturbance to the output of the system that can

generator | controller | and sensors
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Fig. 7. Power flow control of the dc port for IMPC.

be G 41 or G» in the previous equations (21) and (22). The error
sensitivity function to disturbance can be expressed as

S, =(I+KG) " aGy. (25)

From the state-space equations (20), the transfer function for
the plant G can be derived as

G()—iL(S)—— (1-D)I+V.Cs
YT D(s) LCsE+RCs+(1—D)

In (25), it is shown that G4 can be very large at a frequency
range of disturbance d. Due to its limited gain at higher fre-
quency, using a simple PI controller as K(s) in Fig. 6 cannot
ensure a small value of S, to suppress the output error at that
frequency range. This reveals that the input current from the
dc source is impacted by the current fluctuation incurred by
the SRM, and that a simple PI controller will not be able to
successfully eliminate this effect. A properly designed plug-in
repetitive controller will be designed and inserted into K(s) to
provide enough gain at the frequencies where the input current
is disturbed to negate this impact.

(26)

C. Generalized Multiloop Control Method

The proposed control method has been shown in Fig. 7. There
are two control branches, one is IMPC control including dc
capacitor voltage and battery current, and the second one is the
SRM control with speed/torque and phase current. In the IMPC
control branch, the average dc capacitor voltage is detected
and regulated at a constant value. The output of this control
loop is the battery current reference. With the detected battery
current, the duty cycle of the first leg is regulated to make the
battery current track the reference. In the inner loop, repetitive
controller is inserted in series with PI controller to reduce the
low-frequency ripple which cannot be restrained using the PI
controller alone. On the other hand, in the SRM control branch,
the speed or torque is expected to be regulated. The output of this
control loop is the reference for phase currents. Subsequently,
the phase current is regulated using a hysteresis controller and
the dynamic performance is guaranteed. In Fig. 3, g; and g, are
the PWM signals for S; and S5, respectively. Meanwhile, g3,
g4, and g5 are the signals for Ss3, Sy, and S5.

There is a phase current generation unit I, ,.f in Fig. 7.
This unit is to transfer the peak current command i,.¢ to phase
current in each winding. The calculation method is given by
(27). 0 is the electrical rotor angel which increases from 0° to
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Fig. 8. Phase current reference: (a) motoring mode, (b) generating mode.

360°. From (27), when the current command is positive, the
phase current command equals ¢..; when the rotor goes from
unaligned position to aligned position. When the rotor passes
the aligned position, the phase current reference drops to 0,
as Fig. 8(a) shows. Under this condition, the motor works in
motoring mode. Otherwise, when the current command is neg-
ative, the phase current keeps 0 before the rotor goes through
the aligned position. After that, the current becomes the abso-
lute value of the current reference as shown in Fig. 8(b). This
represents generating mode of operation

Uph_ref = abs (;mc) en (18200 —9) Uref (27)
where
1, x>0
me={", 120

From the proposed control method, it can also be seen that
the bandwidth of dc capacitor voltage control loop is less than
battery current control bandwidth because the battery current
control is considered as an inner loop. This would make the dc
capacitor to provide the low-frequency power ripple and restrain
the current ripple of the battery. Another advantage is that the
energy difference during the dynamic response time would also
be compensated by the dc capacitor instead of battery. It could
remove the overcharging or discharging condition and expand
the battery lifetime.

D. Repetitive Controller Design

Section III.C has revealed the coupling between the phase
current and the battery current. It is difficult to reduce the current
ripple by using the conventional PI controller in the battery
current control loop. Therefore, a repetitive controller is inserted
into the battery current control loop. The frequency response of
the repetitive controller used in this system is shown in Fig. 9. It
can be seen that in the fundamental frequency and its harmonics,
though the low-pass filter suppresses the gain of the repetitive
controller, it still has very high gains. Thus, a good steady-state
performance of the proposed control method can be expected.
However, because of the fact that the frequency of the phase
current would vary following the rotor speed, another adaptive
controller is embedded into the control method as in Fig. 8. This
adaptive controller outputs the fundamental frequency of the
repetitive controller and compensates for the phase shift caused
by detection delay.

In the repetitive controller, a low-pass filter is needed to ensure
the stability of the control system [36]. Due to the fact that the
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filtered results are not needed instantly and will be fed into
the control loop in the next period, it is possible to implement
zero-phase low-pass filters, which are noncausal. A simple finite
impulse response moving average low-pass filter (28) is used in
this paper because it is easy to design and implement in digital
microcontrollers

1 n+q
Yo = 5 :Zq ;. (28)

Inserting the low-pass filter into the repetitive controller, the
new transfer function can be expressed as (29), where ¢(s) is the
transfer function of the low-pass filter

1
1—q(s)e/T°
There are also other possible choices for low-pass filters
which can bring advantages to the performance of the repet-

itive controller. More discussions on the design of the low-pass
filter can be found in the literatures, such as [37] and [38].

K, — (29)

E. Seamless Transition

From the electromagnetic torque described in (12), it can be
seen that the theoretical model is able to cover both motor-
ing mode and generating mode of operation. By exciting the
phases during N,.0 € [0,180°], the torque would be positive
which means that SRM works at motoring mode. Opposite,
when the phase is excited at the range N,.6 € [180°, 360°], the
electromagnetic torque would be negative.

The speed/torque control loop in Fig. 6 shows that when the
speed or torque is too high, the current reference would decrease
or even become negative. The corresponding electromagnetic
torque would decrease from positive to negative smoothly. Dur-
ing this transient period, SRM switches from the motoring mode
to generating mode without overshoot. At the same time, the ex-
tra energy would be injected into the dc capacitor and lead to
capacitor voltage increase. In order to keep the capacitor average
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voltage constant, the inductor current would also be regulated
to a negative value by the IMPC branch in the control scheme.
Thus, eventually the energy is transferred into the battery. This
function benefits EVs, because the energy is desirable to be
absorbed by the battery instead of wasted when braking or de-
creasing speed. With this advantage, the efficiency of the overall
system can be improved. Conversely, in order to speed up the
SRM, the capacitor voltage would decrease as a result of more
electromagnetic torque being generated. Consequently, the bat-
tery current increases to boost the dc capacitor average voltage.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The feasibility and the control performance with conventional
control methods using IMPC have been verified with simulation
and experiments in [34]. In this paper, comparison of steady-
state and dynamic performance between these two topologies
at generating mode of operation is developed with emphasis
on the dc port and the dc bus capacitor voltage. The detailed
parameters of the IMPC and ASHB are all listed in Table I. The
switching frequency is selected to be 20 kHz in consideration
of the power rating of the SRM and the dc bus voltage. After
that, two test-beds based on the IMPC and the ASHB are built
and used to drive the same two-phase SRM experimentally. The
corresponding experimental results will be displayed to compare
their performance.

A. Simulation Results

Simulation model based on IMPC with three-phase symmet-
rical SRM is built in MATLAB/Simulink in order to verify the
feasibility of IMPC at generating mode since Fig. 10 shows the
steady-state waveforms at generating mode including the flux
[see Fig. 10(a)], the torque [see Fig. 10(b)], the battery current
[see Fig. 10(c)], and the capacitor voltage [see Fig. 10(d)]. Even
though the torque ripple [see Fig. 10(b)] is large which needs
large power ripple through the converter, the battery current is
controlled at a constant value (2 A) with small ripple (0.18 A
peak-to-peak) in Fig. 10(c). The power ripple is compensated
by the dc capacitor which leads to 40 V peak-to-peak voltage
ripple as shown in Fig. 10(d).

Fig. 11 indicates the dynamic performance under test. At first,
the speed is controlled at 1000 r/min as shown in Fig. 11(a).
When t = 0.1 s, the load torque changes from —4.5 N-m to —
6 N-m. It can be seen that the speed of the SRM goes up after
this step change in torque. However, 100 ms later, it goes back
to 1000 r/min again. Fig. 11(b) and (c) shows the three-phase
current waveforms during this dynamic process. As shown in
Fig. 11(d), at the beginning of the transient process, the dc capac-
itor is charged by SRM, and then the voltage is regulated back
to 280 V. Both the phase current and battery current increase
smoothly with less than 11% overshoot and 250 ms dynamic
response time.

B. Experimental Results

Two prototypes are built based on the conventional ASHB
topology and the proposed IMPC in order to compare their per-
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Fig. 10.  Steady-state waveform in simulation: (a) flux, (b) torque, (c) battery
current, (d) dc capacitor voltage.

formances. Here, ten 12-V automotive lead-acid batteries are
connected in series as the dc source to drive an SRM. The SRM
used employs a two-phase two-stack structure with each stack
having eight stator poles and eight rotor poles. The coils on the
stator of each stack are connected in series to form one phase,
and the two stacks are shifted with respect to each other to allow
reliable startup and smooth operation. The cross section of the
SRM used in the experiments is shown in Fig. 12(a). A detailed
analysis of the motor structure can be found in [34]. Each phase
winding has one end connected to the common leg consisted
of two switches and the other end connected to legs consisted
of one diode and one switch. A dc alternator is coupled to the
SRM as load or prime mover. The dc alternator is driven by a dc
power supply in parallel with dc load. The converters are built
with an intelligent molded module STGIPS30C60 from STMi-
croelectronics. The maximum IGBT collector emitter voltage
used in the power converter is 600 V and the continuous collec-
tor current is 30 A. The switching frequency is still 20 kHz. The
prototype is shown in Fig. 12. Major parameters are listed in
Table 1. Three cases are compared with experimental wave-
forms: ASHB with PI controllers, IMPC with PI controllers,
and IMPC with proposed control method. All these three
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(c) battery current, (d) dc capacitor voltage.

control methods are implemented digitally using Texas Instru-
ments’ microcontroller unit TMS320F28335.

The average dc capacitor voltage is controlled at 280 V. Large
voltage ripple on the dc capacitor can be observed because the
capacitor is supposed to compensate the energy difference be-
tween the motor and the batteries during current commutation
periods. However, it is also worth pointing out that the capaci-
tance cannot be too small, because enough capacitor is needed
to provide energy shortfall during startup and to keep the dc bus
voltage in a reasonable range. Here, the capacitor is selected
at 220 pF. This is to keep the voltage ripple less than 70 V to
ensure that the lowest possible voltage is high enough so as not
to impact the performance of the SRM drive, and to limit the
voltage stress of capacitor and switches. As stated before, the
proposed control method can be used in motoring and generat-
ing modes. Therefore, both modes are tested and steady-state
waveforms are presented to verify its feasibility.

1) Motoring Mode: For the motoring mode of operation,
the switch in Fig. 12(b) is OFF and the output of dc alternator is
connected to resistor load alone. At this time, SRM is driven by
the battery through the converter (ASHB or IMPC), hence, the
energy is transferred from the battery to SRM. SRM converts
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Fig. 12.  Prototype of the SRM drive system: (a) cross section of the motor,
(b) configuration of prototype, (c) picture of the setup.

the electric energy to mechanical energy with positive torque.
DC alternator converts mechanical energy to electric energy and
dissipates it with the resistor load.

Using the conventional ASHB as the drive, waveforms of
the two motor phase current and input current are shown in
Fig. 13(a). The two phases of the stator are driven alternatively
according to the rotor position. For this converter, three 220-uF
electrolytic capacitors are connected in parallel in the dc bus
and at the input source. Even though large capacitors are used,
the input current from the battery is still pulsatory and the peak-
to-peak current is 13.8 A. Furthermore, the current becomes
negative when the dc bus capacitor does not absorb enough en-
ergy during the de-energizing period of a stator phase. The pro-
posed IMPC with conventional control method is tested under
motoring mode of operation and the corresponding waveforms
are shown in Fig. 13(b). The output current waveform is almost
the same. However, the important difference is observed at the
input port. The input current and the dc bus voltage are shown
in Fig. 13(b)(CH2) and (b)(CH1), respectively. The frequency
distributions of the input currents are shown in Fig. 13(c), which
clearly shows 85% reduction of fundamental frequency compo-
nent and more than 66% ripple reduction for other frequencies.
There is a low-frequency voltage ripple on dc bus, however, the
ripple of the input current is reduced significantly. The wave-
forms reveal that the peak-to-peak current is less than 2.8 A
which is only 20% of the input current when ASHB converter
is used.

Fig. 14(a) shows the steady-state waveform with reduced ca-
pacitors from 660 to 220 uF. Comparing such waveform with
Fig. 13(b), itcan be seen that the input current is almost the same,
but the voltage ripple at the dc capacitor is enlarged which can
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Fig.13.  Experimental results: (a) ASHB, (b) IMPC, (c) frequency distribution.
be estimated with theoretical analysis. After that, the proposed
control method in Section III is implemented at the same test
bed. The corresponding waveforms are shown in Fig. 14(b). It
can be found that the current spike has been removed and the
peak-peak value is 0.8 A (5.7% of the input current when com-
pared to ASHB). The detailed frequency distribution is listed in
Fig. 14(c) which reveals the significant current ripple reduction
by using the presented control method.

The waveforms in Figs. 13 and 14 suggest that the proposed
topology can act as the drive for SRM instead of the conventional
ASHB topology and the control method presented in Section IV
is suitable for the proposed topology.

2) Generating Mode: The generating mode of operation
of the SRM is tested with the dc alternator driven by dc
power supply (Switch in Fig. 12(a) is ON). When the alter-
nator is connected to dc power supply and resistor load, it
provides positive mechanical torque. At this time, SRM acts
as load and it absorbs energy from the alternator. Meanwhile,
IMPC is used to transfer the energy from SRM to the battery
pack.

Fig. 15(a) shows the current through the battery when us-
ing the IMPC structure without proposed control method. The
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low-frequency ripple is too large to be ignored. Even though
the average current is 3.99 A, the peak-to-peak value is 8.20 A.
On the contrary, if using IMPC as well as the proposed control
method, the battery current would be constant (3.84 A) with
only a small ripple which is displayed in Fig. 15(b). The peak-
to-peak ripple is limited in only 0.86 A. Moreover, from the
frequency distribution in Fig. 15(c), the 200-Hz ripple is 0.24 A
which is only 6% of that without proposed control method
(4.05 A). In addition, all the other low-frequency ripples are
decreased by at least 50%.

3) Seamless Transition: Fig. 16(a) shows the compara-
tive results with/out repetitive controller. Without repetitive
controller, the battery current contains 3.6 A peak-to-peak cur-
rent ripple. After inserting repetitive controller, the peak-to-peak
current ripple is decreased to 0.9 A. But the capacitor voltage
ripple (peak-to-peak) is increased from 46.2 to 68.8 V because
more power ripple is compensated by the capacitor instead of
the battery. The dynamic performance of the presented control
method is also tested with seamless transition capability. The
experimental waveform is shown in Fig. 16(b). At the beginning,
switch in Fig. 12(a) is OFF and SRM works in motoring mode.
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When switch is turned ON and the power supply is connected to
dc alternator, SRM drive switches from motoring mode to gen-
erating mode of operation automatically. It can be seen that the
dynamic time is 2.1 s and there is no overshoot of battery current
during the dynamic process. In addition, there is 9% overshoot
in dc capacitor voltage which does not exceed capacitor voltage
rating.

In short, the above simulation and experimental results reveal
that the proposed control method can keep the battery current
ripple less than 6% of the average current and achieve seamless
transition with no overshoot in battery current and 9% overshoot
in dc capacitor voltage. This demonstrates the feasibility and
superiority of the proposed control method.

V. CONCLUSION

A unified model covering motoring mode and generating
mode for SRM drives is developed and a generalized control
method with seamless transition ability based on the system
model is presented in this paper. Power ripple resulted from
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current commutation of SRM leads to large current ripple for
battery which shortens the lifetime of the battery and decreases
system efficiency. In order to overcome this disadvantage and
harvest kinetic energy for EV applications, IMPC is chosen as
the SRM drive topology and a corresponding control method
that can significantly restrain the low-frequency ripple current
of the battery is proposed. Seamless transition between gen-
erating mode and motoring mode can also be achieved with
the proposed control method by employing a current refer-
ence generator using the unified model. This can enhance the
converter’s reliability and efficiency. The validity and stability
of the proposed control method with IMPC is verified using
simulation and experimental results. Comparative results reveal
that 94% of periodical transient power ripple can be eliminated
and smooth seamless transition with no current overshoot has
been achieved.
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