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Abstract. Researching and designing the controller for speed of per-
manent magnet synchronous motor (PMSM) and the DC-link voltage
controller (DCV) in bidirectional quasi z-source inverter (BQ-ZSI) have
a strong influence on the efficiency of electric vehicle applications. This
paper presents two control strategies: Firstly, the speed of PMSM is con-
trolled via sliding mode control (SMC) and adaptive backstepping which
are called SA; Secondly, the peak of DCV in BQ-ZSI is regulated by con-
trolling the total of the two capacitor voltages of BQ-ZSI. When the
system operates, limitations of inverter current and voltage level on the
motor output power have been reduced. With these strategies, DCV and
speed of PMSM are stabilized, which improve the system efficiency. To
demonstrate the effectiveness of the proposed method, the PMSM drive
model and the controllers are simulated using MATLAB software.

Keywords: Z-source inverter · PMSM · Quasi-Z-source inverter ·
Backstepping Control · Sliding Mode Control

1 Introduction

Permanent magnet synchronous motor (PMSM) is a type of AC motor commonly
used in industrial rotating systems, especially in the electric vehicles (EVs) [1].
Research on controller design with the aim of reducing errors, reduces costs and
improving performance is increasingly interested by many researchers [2–5]. In
recent years, the main method for controlling the speed of the PMSM is the
field oriented control (FOC) scheme, where one speed and two current loops
are decoupled on dq-axis [6]. The speed controller of motor is designed to track
reference speed and it also generates a reference current signal on q-axis, two
current controllers are used to stabilize the voltage on d and q-axis [7].

In PMSM drive systems, the speed controller is designed to satisfy the
requirements of the control systems such as: a wide adjustable speed range, adap-
tation to high instantaneous torque response, load disturbances and parameter
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variations, low error ripple speed, low ripple torque, reliability, high efficiency
and robustness. Therefore, the fixed coefficients Kp, Ki and Kd of traditional
PID controller are not inconsonant with the high performance requirements of
systems. Many artificial intelligence techniques were used to adjust the gains of
the PID controllers as: genetic algorithms (GA) and particle swarm optimization
(PSO) [8]. However, in order to achieve online gain tuning of the PI controllers,
the speed of the microcontroller and the convergence speed of the GA and PSO
must be fast, leading to a high computational burden [9]. Therefore, the study of
an adaptive back-stepping controller is applied for controlling the speed motor
which it is given in this paper.

Fig. 1. The bidirectional quasi-Z-source inverter topology.

When applying the PMSM for electric vehicles, voltage source inverters with
direct current (DC) voltage are used as battery. At high current, when the bat-
tery discharges, the voltage of battery decreases greatly and when the battery
charges the voltage of battery increases greatly [10]. The voltage drop will impact
the output power, speed motor, load torque and performance of PMSM drives
system. The bidirectional DC to DC converter topology is applied to convert
energy back and forth in the system between DC source supply and inverter. It
can correct the mismatch between the DC power source and the DC-link voltage
(DCV) of inverter and also ensures that the DCV is always kept stable.

In 2003, F.Z.Peng proposed Z-source inverter (ZSI) which is a boost/buck
converter, it solves many of the disadvantages of traditional voltage source con-
verters. [11]. The DCV is adjusted by changing duty in ZSI so that it increases
the reliability of ZSI. Comparing with ZSI, QZSI has the advantages as low stress
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on the voltage and continuous current, the power transfers on directional flow
from the DC source to the AC side [12]. The bidirectional quasi-Z-source inverter
(BQ-ZSI) as response requirements of EV that is able to reverse the direction
of power transmission when the motor is decelerating or braking, the energy
from PMSM can be transferred back to the source with an additional seventh
switch. The current of the inductor is always continuous and small inductance
in BQ-ZSI topology have a better effective which it is suitable for electric vehicle
applications as Fig. 1 on page 2 a) and b).

Fig. 2. The adaptive Backstepping Speed Control in PMSM Fed by a BQ-ZSI topology.

This paper studies the application of BQ-ZSI scheme for the PMSM drive for
electric vehicle. Moreover, two control algorithms between the DC source and
the AC side of the PMSM drive for electric vehicle are presented: the first one
is the speed control motor (AC side controller) based on adaptive backstepping
and sliding mode control; the second one is to control the peak DCV in BQ-ZSI
(DC side controller) based on the regulation of the two capacitors voltages when
the input DC voltage (battery or super capacitor) of BQ-ZSI is dropped durring
EV operation (the load torque and the speed of the motor change continuously).
As a result, the efficiency of the electric vehicle system is enhanced.

The organization of this paper include as: Sect. 2 introduces the description
of PMSM drive system and the BQ-ZSI scheme. Section 3 presents the two pro-
posed controllers for the speed motor and the BQ-ZSI. Section 4 discusses the
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simulation results on MATLAB software and Sect. 5 concludes the effectiveness
of the proposed methods.

2 Description PMSM and BQ-ZSI Scheme

2.1 Description PMSM Drive System

The mathematical model of the PMSM drive system is derived in the d − q axis
as: ⎧

⎪⎪⎪⎨

⎪⎪⎪⎩

ω̇ = −B
J .ω − TL

J + 1.5npΨf

J iq

i̇d = Rs

Ld
id + npωiq + 1

Ld
ud

i̇q = −npωid − Rs

Ld
iq − np

Ψf

Lq
ω + 1

Lq
uq

θ̇ = ω

(1)

In which ω is the rotor speed. ud, uq,id, iq are the voltages and stator currents,
respectively, in the dq-axes frame. The limited voltage is λ on dq-axis, which
|ud| ≤ λ and |uq| ≤ λ, (λ < 1). The stator inductance are Ld, Lq and without
any loss of generality, the asumption Ld = Lq is valid [6]. Ψf , Rs, J , TL, B, and
np are respectively the permanent magnet flux linkage, the stator resistance,
the moment of inertia, the load torque, the viscous friction coefficient, and the
number of pole pairs.

2.2 Analysis of the BQ-ZSI Network Modeling

The structure diagram of the BQ-ZSI is presented in Fig. 1 which is called DC-
side model. There are two operating as belows: 1) the bidirectional quasi z-source
network (BQ-ZSN), which is comprised of C1, C2, L1, L2, and switch S7with a
parallel diode Di. 2) the three-phase inverter. With these two switches, the power
flow can be controlled bidirectionally. The three-phase bridge include six switch
and the motor is replaced by Rl and Ll.

The BQ-ZSI has three common operating states: the non shoot-through state
(NST), the zero state, and the shoot-through state (ST) [13]. In the ST, the DCV
(Vdc) is boosted by conducting the lower and upper switches of the three-phase
inverter at the same time.

From Fig. 1b), it also shows that the BQ-ZSI allows the inductor current
to flow continuously in both two directions. When the three-phase inverter is
in the ST with Si close circuit as Fig. 3a), the diode Di is reversely blocked,
the switch S7 is open circuit, the current and the voltage on capacitors and
inductors are shown as Fig. 3a). When the three-phase inverter is in the NST
as Fig. 3b), the switch S7 is close circuit and the power back to the DC source
input through switch S7, this is in the generatoring mode of BQ-ZSI. Instead,
the power through diode transfer inverter [12]. Therefore, at all operating con-
ditions, the continuous conduction mode of the BQ-ZSI is maintained and the
performance of the three phases inverter is enhanced. This property is very good
for EV applications.
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The state variables x(t) of this BQ-ZSI model are shown as Fig. 3. The
inductor currents through L1, L2as (iL1(t)) and (iL2(t)). The capacitor volt-
ages C1, C2 are vC1(t) and vC2(t). The load current is ilo(t). The variables is
c (t) , c (t) = vin (t).

Set x(t) =

⎡

⎢
⎢
⎢
⎢
⎣

iL1(t)
iL2(t)
vC1(t)
vC2(t)
ilo(t)

⎤

⎥
⎥
⎥
⎥
⎦

– In the ST, the switch S7 and diode Di are closed circut, Si is close circuit,
the circuit as Fig. 3a). In the state space form, the equation group can be
written: A.ẋ(t) = B1.x(t) + C1.c(t), where

A =

⎡

⎢
⎢
⎢
⎢
⎣

L1 0 0 0 0
0 L2 0 0 0
0 0 C1 0 0
0 0 0 C2 0
0 0 0 0 Ll

⎤

⎥
⎥
⎥
⎥
⎦

; B1 =

⎡

⎢
⎢
⎢
⎢
⎣

0 0 0 1 0
0 0 1 0 0
0 −1 0 0 0

−1 0 0 0 0
0 0 0 0 −Rl

⎤

⎥
⎥
⎥
⎥
⎦

; C1 =

⎡

⎢
⎢
⎢
⎢
⎣

1
0
0
0
0

⎤

⎥
⎥
⎥
⎥
⎦

– In the NST, the switch S7 and diode Di are close circuit, the switch uper and
lo Si is open circuit, the circuit as Fig. 3b). Similar, in the state space form,
the equation group can be obtained as A.ẋ(t) = B2.x(t) + C2.c (t), where

B2 =

⎡

⎢
⎢
⎢
⎢
⎣

0 0 −1 0 0
0 0 0 −1 0
1 0 0 0 −1
0 1 0 0 −1
0 0 1 1 −Rl

⎤

⎥
⎥
⎥
⎥
⎦

;C2 =

⎡

⎢
⎢
⎢
⎢
⎣

1
0
0
0
0

⎤

⎥
⎥
⎥
⎥
⎦

Where the Du is shoot-through duty. The D′
u is non shoot-through duty, in

one of switching period (Tsf ). Total duty is calculated in one of switching period
as: Du + D′

u = 1.
With the switching period Tsf of the space vector modulation, the BQ-ZSI

state-average of each state matrix is processed as below:

Aẋ = [DuB1 + (1 − Du) B2] x + [DuC1 + (1 − Du) C2] c (2)

In which x̄ and X are state variable period average and balance operation
point. Farther, in the operation points, state variable has a small signal distur-
bances with low frequency which are presented as: x̄ = X + x̂; d̄′

u = 1 − d̄u;
c̄ = C + ĉ; d̄u = Du + d̂u;

In space vector modulation method, the switching frequency of Si in three-
phases inverter is fast. Hence, around the operation points of the BQ-ZSI system
which is linearized and the steady-state of this system has Eq. (2) as belows:

0 = [Du.B1 + (1 − Du) .B2)X + (Du.C1 + (1 − Du) .C2] C (3)
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The steady-state of system has X =
[
IL1IL2 VC1VC2 Ilo

]T and C = Vin.
Solving Eq. (3), the steady-state values of the capacitor voltages on C1, C2 and
the inductor current through L1, L2 can be calculated as:

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

VC1 =
(

D′
u

D′
u−Du

)
.Vin =

(
1−Du

1−2Du

)
.Vin

VC2 =
(

Du

1−2Du

)
.Vin

IL1 = IL2 =
(

D′
u

D′
u−Du

)2

.Vin

Rl
=

(
1−Du

1−2Du

)2

.Vin

Rlo

Ilo =
(

D′
u

D′
u−Du

)
.Vin

Rlo
=

(
1−Du

1−2Du

)
.Vin

Rlo

(4)

In NST, the relationship between DC-link voltage and input voltage is:

Vdc = VC1 + VC2 =
(

1
1 − 2Du

)

.Vin (5)

From Eq. (4) and (5) the equation can be obtained as
{

VC1
Vdc

= 1 − Du
VC2
Vdc

= Du

(6)

Refer in [12], the small signal state space equation can be written as

A. ˙̂x = [DuB1 + (1 − Du) B2] .x̂ + [DuC1 + (1 − Du) .C2] .ĉ
[(B1 − B2) .X + (C1 − C2) C] .ĉ (t)

(7)

Based on equation of (7) and refer Eq. (12) to (15) in paper [12]. Transfer func-
tion of the capacitor voltage on C1 with the shoot-through duty Du is calculated
as:

Gv2d(s) = (Ilo−IL1−IL2).Llo.L.s2+

Llo.L.C.s3+Rlo.L.C.s2+[Llo.(1−2.Du)
2+2(1−Du)

2.L]s
[Llo.Vin+(1−Du).L.(VC1+VC2)+Rlo.L.(Ilo−IL1−IL2 ).s]+Vin.Rlo

+(1−2.Du)
2.Rlo

(8)

And then, transfer function of the inductor current through L1 with DC
input voltage is calculated as:

Gv2in(s) =
(1−Du).Llo.L.C.s3+(1−Du).RloLC.s2+{[(1−Du)2−(1−Du).Du].Llo+(1−Du)2.L}.s+

(L.C.s2+1)×
[(1−Du)2−(1−Du).Du].Rlo

{LloLC·s3+Rlo.L.C.s2+[Llo.(1−2Du)2+2(1−Du)2.L].s+(1−2Du)2.Rlo}
(9)

Transfer function of the inductor current L1 with the shoot-through duty
cycle is obtained as

Gi2d(s) =

(
VC1 + VC2 −Rlo.Ilo

)
.C.s+ (2.Du − 1)

(
Ilo − IL1 − IL2

)
+ Vin.Rlo

L.C.s2 +Rlo.L.C.s2 +
[
Llo. (1− 2.Du)

2 + 2 (1−Du)
2 .L

]
.s+ (1− 2.Du)

2 .Rlo

(10)

Ginv (s) =
1

Tsfs + 1
(11)
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Table 1. Nominal Parameters of BQ-ZSI.

Parameters (Units) Symbols Values

Load current (A) Il 0.8

Inductor current on L1(H) IL1 0.7

Inductor current on L2(H) IL2 0.7

Switching frequency (kHz) fsf 5

Input voltage (V ) Vin 40

Load inductor (H) Ll 17

Load resistor (Ω) Rl 2.7

Shoot-through duty Du = 1 − D′
u 0.45

The proportional gain of current controller Kpi 0.44

The integral gain of current controller Kii 4.4

The proportional gain of current controller Kpv 0.0176

The integral gain of current controller Kiv 0.264

Inductors of the BQ-ZSI (H) L1 = L2 = L 0.6 ∗ 10−4

Capacitors of the BQ-ZSI (F ) C1 = C2 = C 47 ∗ 10−5

Fig. 3. Operation states of the BQ-ZSI.
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3 Design of Controller for AC Side and DC Side

3.1 Adaptive Backstepping and Sliding Mode Controller (SA)
for Speed Motor (AC Side)

In the functions of BQ-ZSI motor drive system, it is motor speed control (AC
side control), which is designed to adapt to the torque motor and the tracking
reference speed.

Adaptive Backstepping Controller is Presented in Fig. 1: The structure of
adaptive backstepping controller for speed of PMSM, based on FOC and is shown
in [6]. The position control of rotor according to tracking the reference position
with the least error is the first priority of the controller. In the backstepping
technique, it is transformed from the position tracking problem to the problem
of tracking error. The position error is defined eθ = θ − θr, hence, its derivative
is shown

ėθ = θ̇ − θ̇r = ω − θ̇r (12)

The speed rotor reference is chosen as below

ωr = θ̇r − k1eθ (13)

where, k1 > 0 and k1 is a constant. Replacing equation of (13) into the (12),
Eq. (12) is written as:

ėθ = −k1eθ (14)

Based on Lyapunov theory, The function is chosen as

L1 =
1
2
e2θ (15)

And take the derivative Eq. (15) as

L̇1 = ėθ.eθ = −k1e
2
θ ≤ 0 (16)

The speed error is defined as eω = ω −ωr, speed error derivative ėω = ω̇ − ω̇r

is and look at the Eq. (1), replacing ω̇ into its derivative which it is written as

ėω = −B

J
.ω − TL

J
+

1, 5.np.Ψf

J
.iq − ω̇r (17)

The Lyapunov function can be chosen as L2 = 1
2e2ω, take the derivative to

get

L̇2 = eω.

(

−B

J
.ω − TL

J
+

1.5npΨf

J
iq − ω̇r

)

(18)

In FOC scheme, assuming that the virtual control variables are id and iq
currents. In order to get L̇2 ≤ 0, from (18), it should be written as

− k2eω = −B

J
.ω − TL

J
+

1.5npΨf

J
iq − ω̇r (19)
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where, k2 is a constant and k2 > 0. Hence, the virtual control current variable
on q-axis is chosen as

∗
iq =

J

1.5npΨf

(

−k2.eω +
TL

J
+

B

J
.ω + ω̇r

)

(20)

Due to the PMSM drive of the EV systems, the torque of the load often
changes, and it has to be estimated so that it is possible to derive. Consequenstly,
these id and iq currents controllers is written as

⎧
⎨

⎩

∗
id = 0
∗
iq = J

1.5npΨf

(
−k2eω + T̂L

J + B
J .ω + ω̇r

) (21)

Substituting (21) into (18), it is derived

L̇2 = −k2e
2
ω ≤ 0 (22)

where, k2 > 0, k2 is a constant. Replacing (21) into (17), ėω is written as

ėω = −k2.eω − ΔTL

J
(23)

Based on Lyapunov theory, the function of Lyapunov is designed to obtain a
with the ability to attenuate the disturbance torque of the load. This Lyapunov
fuction is chosen as belows equation:

L3 = L1 + L2 +
1
2a

(
TL − T̂L

)2

(24)

where a is the adaptive coefficient, a > 0. The Eq. (24) is derived as belows

L̇3 = −k1e
2
θ − k2e

2
ω + ΔTL

(

−eω

J
−

˙̂
TL

a

)

(25)

From (25), if L̇3 ≤ 0 then ΔTL

(
− eω

J − ˙̂
TL

a

)
= 0 =⇒ − eω

J − ˙̂
TL

a = 0
Therefore, the load torque is estimated as

˙̂
TL = −a.eω

J
(26)

Sliding Mode Controller: The problem that is always exists in SMC is chat-
tering problem. In order to reduce chattering, the surface of SMC and the reach-
ing law have to be chosen a suitable. In this paper, the reaching law is chosen as
the exponential reaching law (EL), as a result, the dynamic response of system
moves quickly to the switching surface. This exponential reaching law is designed
as

ṡ = −
(

1 − 1
eλs + 1

)

− δs (27)
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The currents error on the dq−axis are defined as ĩd = id − i∗d, ĩq = iq − i∗q .
The Base on the currents error on dq−axis, the surfaces of SMC s1 and s2 are
designed, respectively

s1 = γ1ĩq = γ1
(
iq − i∗q

)
(28)

s2 = γ2ĩd = γ2 (id − i∗d) (29)

where, γ1 and γ2 are constant, and γ1 > 0, γ2 > 0. The ELs are written as

ṡ1 = −
(

1 − 1
eλ1s1 + 1

)

− δ1s1 (30)

ṡ2 = −
(

1 − 1
eλ2s2 + 1

)

− δ2s2 (31)

where, λ1, λ2, δ1, δ2 are constant, γ1, γ2 > 0; and δ1, δ2 > 0.
From (1) and the derivative of (28), it is written as

ṡ1 = γ1
(
i̇q − i̇∗q

)
= γ1

(

−npωid − Rs

Ld
iq − np

Ψf

Lq
ω +

1
Lq

uq − i̇∗q

)

(32)

Based on the derivative of (28) equal (30),

ṡ1 = −
(

1 − 1
eλ1s1 + 1

)

− δ1s1 = γ1
(
i̇q − i̇∗q

)

⇐⇒ i̇q =
−

(
1 − 1

eλ1s1+1

)
− δ1s1

γ1
+ i̇∗q (33)

Similarly, the current on q-axis is also obtained

i̇d =
−

(
1 − 1

eλ2s2+1

)
− δ2s2

γ2
+ i̇∗d (34)

Replacing (33) into (1), the control input uq is achieved

uq = Lq

⎛

⎝
−

(
1 − 1

eλ1s1+1

)
− δ1s1

γ1
+ i̇∗q

⎞

⎠ + npωidLq + Rsiq + npΨfω (35)

And the control input ud is achieved as

ud = Ld

⎛

⎝
−

(
1 − 1

eλ2s2+1

)
− δ2s2

γ2
+ i̇∗d

⎞

⎠ − Rs

Ld
id − npωiq (36)
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System Stability Analysis: Lyapunov function is defined (1) below

L =
1
2
sT Is +

1
2
e2θ +

1
2
e2ω +

1
2a

(
TL − T̂L

)2

(37)

The derivative of (37), it is obtained

L̇ = −
(

1 − 1
eλ1s1 + 1

)

s1−δ1s
2
1−

(

1 − 1
eλ2s2 + 1

)

s2−δ2s
2
2−k2e

2
θ −k1e

2
ω (38)

with
(
1 − 1

eλisi+1

)
si ≥ 0, if the system is a steady-state, then there are eθ =

eω = 0, s1 = s2 = 0,L̇ = 0. Therefore, ˙L ≤ 0. Due to L is positive definite (38),
and the PMSM drives system is a stable base on Lyapunov theory.

3.2 Design Controller for the DCV (DC Side Controller Design)

In the PMSM drive system, it contains DC-link voltage (DCV) control (DC
side). When the DC input battery pack voltage (DIV) and the load torque of
electric vehicle will be change continously depends on time, then the DCV (Vdc)
can be controlled to stabilize the system. Although the DIV changes but the
DCV is still kept stable when the DCV controller supplying the inverter is not
short-circuited and the PMSM drive system works well.

In the BQ-ZSI system, there are two phases call ST and NST, with the
DCV of BQ-ZSI is a square waveform [13]. During the NST, the DCV equals
peak value of DCV

(
V̂dc

)
and it equals zero in ST. Hence, the DCV can not be

controlled directly but it has to be controlled by regulating total of two capacitors
voltages [14]. From (4) and (5)the peak of DCV equals the capacitor voltage C1

plus the capacitor voltage C2 in BQZSI, it is uesd as the signal feedback of
DCV in drive motor system Fig. 2 on page 3. Therefore, in this paper, the DCV
voltage is controlled by controlling the total voltage across the two capacitors of
the BQZSI as shown in Fig. 4 on page 12.

Fig. 4. Control block diagram of DC-link voltage loop.

In order to control the peak DCV voltage, transfer function of Gi2d (s),
Ginv (s), Gv2d (s)are calculated base on (8), (9),(10), (11) where the parameters
are used in 1. Using sisotool of Matlab, the first, PI controllers Ci is designed
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with frequency-response approach so that ILr
tracking IL. After that, Cv is also

designed with frequency-response as Fig. 5 on page 13. As result, these kpi
, kii

of Ci and kpv
, kiv

of Cv are identified and updated into the system PMSM and
simulated on Matlab software.

{
Ci (s) = Kpi

+ Kii

s

Cv (s) = Kpv
+ Kiv

s

(39)

Fig. 5. Bode after designing PI controller for DCV.

4 Simulation

4.1 Simulation Result of PMSM

This simulation shows the motor speed response tracking reference motor speed
under variations of the load torque and the DIV when applying backstepping
control (SA) strategy with the parameters as in Table 2 [15].

Figure 6 page 14 presents the electromagnetic torque (Te) which it tracks to
the load torque (TL). The SA strategy have a less ripple of the electromagnetic
torque in comparision with the PI method. It also shows that the torque of load
is continuous change at times t = 2 s, 4 s, the speed response of PMSM SA (red-
line) are presented in Fig. 7 page 14 is able to achieve a better result than the
motor speed response of PI controller (blue-line). In the simulation, the PMSM
is started in unload operating mode, it shows that the speed of the PMSM is
able to track the reference speed in a quickly manner.

At times t = 2 s, the nominal load torque suddenly increases from zero to
1.27 N.m as given in Fig. 6 on page 14, the speed response strategies as: SA
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Table 2. Nominal Parameters of PMSM drives.

Parameters (Units) Symbols Values

Rated Power (W ) Pn 400

Rated Voltage (V ) Un 200

Rated Speed (rpm) c 3000

Rate Torque (N.m) TL 1.27

Permanent Magnet Flux (Wb) Ψf 0.0615

Nominal Stator Resistance (Ω) Rs 2.7

Nominal Stator Inductance (mH) Ld, Lq 8.5

Moment of Inertia (kg.m2) J 31.69 × 10 − 6

Viscous Friction Coefficient ( N.m.srad) B 52.79 × 10 − 6

Pole Pair (pair) np 4

The coefficient of adaptive backstepping K1 0.5

The coefficient of adaptive backstepping K2 40

The adaptive gain a 0.001

The coefficient of SMC γ1 50

The coefficient of SMC γ2 50

The coefficient of SMC λ1 5

The coefficient of SMC λ2 5

The coefficient of SMC δ1 3000

The coefficient of SMC δ2 2000

Fig. 6. Electromagnetic torque Te and load torque TL with PI, SA.

and PI that drops to 693 rmp and 638 rpm then are corrected back to speed
reference value (≈700 rmp) after 0.2 s. Results showed that the SA has the lower
than speed reduction compared to the PI controller and tracking error of the SA
is also lower than the PI controller as Fig. 8 on page 15. Similar analysis, at times
t = 4 s, the nominal load torque suddenly decreases from 1.27 to 1.27/2 N.m, as
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Fig. 7. Speed response with PI, SA.

given in Fig. 6 on page 14, the motor speed response with the different strategies
as: SA and PI that rises up to 302 rmp, 311 rmp and 323 rpm then it comes back
to speed reference value (≈300 rmp) after 4.1 s. Results also shows that the SA
has the speed rise of the motor lower than the speed rise of the motor under PI
controller as Fig. 8 on page 15.

Fig. 8. Tracking errors using PI and SA controllers.

In the period, from t = 0 s to t = 1 s, the normal load torque is 0 N.m, the
control voltage on d−axis, ud ≈ 0, id tracking zeros as shown in Fig. 9 on page
16. The control voltage on q−axis (0 < uq < 1) also changes to variation of the
load torque and the motor speed in the PMSM drive system. Simulation results
show that under normal operating modes as: the load torque and speed control
variation, using the SA method gives smaller tracking error as compared to the
PI controller Fig. 9 on page 16.
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Fig. 9. The voltage control ud, uq with SA, PI controllers.

4.2 Simulation Result of BQ-ZSI

The DC-input voltage DIV (Vin) can be used for fuel cells or batteries. These
sources are used as the supply voltage source for the BQ-ZSI and the PMSM
applications for electric vehicles. Therefore, the purpose of DCV control is: to
boost the DCV and keep it stable when the Vin, load torque and speed motor
changes, to avoid overmodulation in the BQ-ZSI, thereby reducing harmonic of
voltage and current, which ultimately improve the system performance.

Fig. 10. a) The DC-link voltage Vdc. (Color figure online)
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Fig. 11. a) Vin decreases by 5% after 1 s and continuously decreases by 5% after 2 s
b) The response of the peakVdc tracking Vdcref when the Vin and load torque change.
(Color figure online)

Because the DCV is a square waveform is shown Fig. 10 on page 16, the DCV
can not be controlled directly It must be controlled by regulating two capacitors
voltages. Zoon “+” this waveform in Fig. 10 on page 16, from 1.3738 s to 1.3742,
the DCV (blue line) is square waveform and the peak DCV equals total capacitor
voltage on C1 and C2 of BQ-ZSI. That result is correct to Eq. (5).

From t = 0 s to t = 2 s, Vin has a value (40 V), at t = 2 s to 3 s, the Vin suddenly
drops 5% (38 V). Continuously at t = 3 s to 5 s, the Vin also decreases by 5%
(36 V) as shown in Fig. 11 on page 17 a). The DCV’s required voltage is 170V
as shown in Fig. 11 on page 17b) (red line), the BQ-ZSI unit is the booster, the
voltage is raised from 40 V to 17 0V and stabilized at 170 V as shown Fig. 11 on
page 17b) (blue line). If the input voltage changes, the DCV voltage remains
stable at 170 V by the DCV controller. With this controller, the DCV track
to the reference very well under the input voltage changes. And, this voltage
is raised more than four times and is kept stable with variation of the input
voltage, the speed motor and the load torque of the PMSM drive system.

5 Conclusion

In summary, this paper presents a comparison and evaluations of the differ-
ent control strategies such as SA and PI for the speed control of PMSM. The
SA enhances control quality of PMSM drive system, by compensating for the
errors of the PI motor speed controller. Under normal operating conditions as
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load torque, speed control and input voltage variation, applying the SA tracking
method resulted in smaller errors compared to PI controllers. Besides, this study
proposes a control method to stabilize the voltage of DCV in BQ-ZSI by con-
trolling total two capacitor voltages in BQ-ZSI which yields an improvement to
the system performance. These results have been verified carefully in simulation
on the Matlab software.
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