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Torque Ripple Minimization for a Permanent Magnet
Synchronous Motor Using a Modified

Quasi-Z-Source Inverter
Hamid Mahmoudi , Mohsen Aleenejad, Member, IEEE, and Reza Ahmadi , Member, IEEE

Abstract—This paper presents a torque ripple minimization
method for a permanent magnet synchronous motor (PMSM) drive
system that utilizes a modified quasi-Z-source (qZS) inverter. The
proposed modified qZS network is designed by adding an extra
switching device to the conventional qZS topology and provides a
wider range of capabilities for inverter input voltage control, e.g.,
both step-up and step-down operations. It also allows for modifi-
cation of the traditional switching sequence selection scheme when
using the space vector modulation (SVM) for switching. The pro-
vided flexibilities are leveraged to develop a control system that
minimizes the torque ripples during PMSM operation while satis-
fying conventional control objectives such as shaft speed control.
The control system is comprised of an input voltage optimiza-
tion subsystem with the goal of torque ripple minimization, which
provides the reference for a cascaded modulated model predictive
control subsystem for the modified qZS network control, and a mo-
tor side predictive control subsystem. The control system employs
a new switching sequence selection scheme for SVM modulation
to further reduce PMSM torque ripples. Experimental results are
provided to validate the theoretical outcomes.

Index Terms—Model predictive control (MPC), permanent mag-
net synchronous motor (PMSM), quasi-Z-source (qZS) network,
space vector modulation (SVM).

I. INTRODUCTION

S INCE its introduction [1], the concept of Z-source network
has pioneered a new research area in the field of power

electronics. Although the main function of a Z-source network
is to help overcome some of the operational barriers faced by
traditional voltage source and current source inverters [2], re-
searchers were quick to discover many other interesting applica-
tions for Z-source networks in a wide verity of power conversion
systems [3]. Utilization of Z-source inverters in electric motor
drive systems has become an appealing research area recently
due to a myriad of advantages that the Z-source networks pro-
vide for drive systems, such as extending the output voltage

Manuscript received September 8, 2017; revised January 26, 2018 and April
9, 2018; accepted June 22, 2018. Date of publication July 3, 2018; date of
current version February 20, 2019. Recommended for publication by Associate
Editor A. Mertens. (Corresponding author: Reza Ahmadi.)

H. Mahmoudi and R. Ahmadi are with the Department of Electrical Engineer-
ing and Computer Science, University of Kansas, Lawrence, KS 66045 USA
(e-mail:,Mahmoudi@ku.edu; ahmadi@ku.edu).

M. Aleenejad is with the Department of Electrical and Computer Engineering,
New York University, Brooklyn, NY 11201 USA (e-mail:,Aleenejad@nyu.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2018.2852753

of the inverter, preventing voltage sags, reducing the inrush
and harmonic currents from the diode rectifier, and improving
the reliability of the inverter against miss-gating of switching
devices [4], [5]. Therefore, researchers have been focusing re-
cently on improving the operation of motor drive systems using
Z-source networks. Most relevant to the work presented in this
paper, in [6] a control strategy for electric traction systems based
on bidirectional Z-source inverters has been proposed. In [7],
Li et al. have proposed a method to reduce the commutation
torque ripple of a Z-source inverter fed brushless dc motor by
regulating the shoot-through vector and active vector duty cy-
cles. Also in [8], authors have proposed a technique for dynamic
commutation torque ripple reduction of a quasi-Z-source (qZS)
inverter fed brushless dc motor by providing enough voltage at
commutation interval using the qZS network when the motor is
operating at high speeds.

Permanent magnet synchronous motors (PMSMs) are replac-
ing induction machines in industry due to their high efficiency,
low inertia (which makes them attractive for servo applications),
high power density, and reliability. However, the issue of proper
control of PMSMs while fully taking advantage of their capa-
bilities to achieve certain desired performance criteria is still
an open problem. Torque ripple is one of the issues that affects
the performance of PMSMs. The torque ripple primarily affects
the performance and accuracy of position control systems for
PMSMs, preventing these machines to be utilized in applica-
tions that require very accurate position control, e.g., robotic
systems [9]. The torque ripples also induce undesired mechani-
cal vibrations and acoustic noise in PMSMs [10]. In this paper,
a new PMSM drive system with a modified qZS network is
proposed to reduce the torque ripples during operation.

A qZS inverter is employed in this work because it features su-
perior characteristics such as continuous input current and joint
earthing of the dc source and the dc-link bus [11]. Moreover, the
voltage of one of the qZS network capacitors is significantly less
than its counterpart in a Z-source network, resulting in smaller
passive components size compared to a conventional Z-source
network [12], [13]. The qZS network is also suitable for high
power applications such as multilevel converters [14], [15], as
well as photovoltaic systems [16], [17]. However, since the con-
ventional qZS network can only increase the input voltage [18],
it has been modified in this paper by adding a switching de-
vice to its topology, enabling it to decrease the input voltage
as well. This modified qZS network provides great flexibility
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for controlling the input voltage of the inverter and manipulat-
ing the switching sequence while using space vector modulation
(SVM) for switching. Both properties are leveraged in this work
for torque ripple reduction. First, a method for finding an opti-
mum value for the input voltage of the inverter that minimizes
the torque ripples in a PMSM is developed. Although the SVM
method can generate voltages lower than the qZS input voltage
using modulation, the developed method also requires the in-
verter input voltage itself to be lower than the qZS input voltage
in some operating conditions to effectively reduce the torque rip-
ple. The modified qZS network can generate voltage on the input
of the inverter, which could be less than the qZS input voltage or
more than the qZS input voltage (step-down or step-up opera-
tions). Second, the shoot-through states for the qZS network are
leveraged in this work to develop a new switching sequence se-
lection method for SVM that leads to even further torque ripple
reduction at a certain optimum inverter input voltage.

Model predictive control (MPC) technique is gaining mo-
mentum as a new control approach for qZS converters due to
its considerable benefits such as simple implementation, flex-
ibility, and incorporation of nonlinearities in the cost function
[19], [20]. Therefore, in this work, a cascaded control system
based on MPC has been proposed to control the modified qZS
network. The employed modulated model predictive controller
(MMPC) can provide fast and stable response when controlling
the modified qZS network [21]. The proposed controller not
only retains all the mentioned benefits of the MPC, but also
uses a modulation technique to accurately follow the current
reference of the inductor of qZS and thus results in a fixed
switching frequency. On the motor side, a predictive controller
has been used to control the PMSM. This predictive controller
provides similar dynamic performance and better steady-state
response compared to MPC for PMSM control. This method
uses the motor’s discrete dynamic model to predict voltage ref-
erences and then converts them into corresponding switching
commands using SVM [22].

The paper is organized as follows. In Section II, the system
under study is presented and the SVM method is briefly re-
viewed. In Section III, the proposed control system with torque
ripple minimization capability is presented. Section IV verifies
the outcome of the proposed method using experimental results.
Section V concludes this paper.

II. GROUNDWORKS

Fig. 1 illustrates the system under study and its associated pro-
posed control system. This system is comprised of the proposed
modified qZS network connected to a three-phase two-level in-
verter. The inverter feeds a PMSM and the motor operation is
controlled using the proposed method in this paper to minimize
the ripples of the delivered torque.

A. PMSM Model

The proposed method in this paper uses the PMSM’s model
in a rotor reference frame. The d- and q-axes equations as well
as the electrical torque and motor shaft dynamic equations in

Fig. 1. Modified qZS inverter and the block diagram of the proposed control
system for PMSM torque ripple reduction.

rotor reference frame are [23]

vd = Rs id + Ld
did
dt

− ωeLq iq

vq = Rs iq + Lq
diq
dt

+ ωe (Ldid + ψm )

Te =
3
2
pψm iq

J
dωm
dt

+Bωm = Te − Tl (1)

where ψm , id , iq , vd , vq , Rs, Ld, Lq , and ωe are, respectively,
the amplitude of rotor magnetic flux linkage, d- and q-axes
stator currents, d- and q-axes stator voltages, stator resistance,
d- and q-axes stator inductances, and rotor electrical angular
speed. Also, ωm , Tl , J , and B denote the rotor shaft’s angular
mechanical speed, load torque, mechanical inertia, and the fric-
tion coefficient, respectively. This study considers the PMSM
to have surface mounted permanent magnets on the rotor where
d–q self-inductances are equal (Ld = Lq = Ls ). Therefore, the
electrical torque will be completely proportional to the q-axis
current according to (1).

B. Modified qZS Model

The proposed method requires a controllable inverter voltage
(vdc) that can be regulated to voltages both higher and lower
than the input voltage (Vin ). Since the conventional qZS network
is only capable of stepping up the input voltage, it has been
modified by adding the shut-off network shown in Fig. 2 to
allow for stepping down the voltage. As pictured, the shut-off
circuit is comprised of an active switch S1 and a diode D1 .

As illustrated in Fig. 3, the modified qZS circuit has three
modes of operation: free mode, shoot-through mode, and shut-
off mode. Switching between shoot-through mode and free
mode steps up the input voltage while switching between the
shut-off mode and the free mode steps down the input voltage.



MAHMOUDI et al.: TORQUE RIPPLE MINIMIZATION FOR A PERMANENT MAGNET SYNCHRONOUS MOTOR 3821

Fig. 2. Proposed modified qZS network.

Fig. 3. Three modes of operation of the modified qZS network. (a) Free mode.
(b) Shoot-through mode. (c) Shut-off mode.

The former operating condition is called step-up operation while
the latter is called step-down operation, hereinafter.

The dynamic equations for modes (a) and (c) can be
formulated as

L1
diL1

dt
= VD1 − vC 1 , L2

diL2

dt
= −vC 2

C1
dvC 1

dt
= iL1 − io , C2

dvC 2

dt
= iL2 − io (2)

whereas in free mode VD1 = Vin and in shut-off mode VD1 = 0.
Similarly, the dynamic equations for the shoot-through mode (b)
can be formulated as

L1
diL1

dt
= VD1 + vC 2 , L2

diL2

dt
= vC 1

C1
dvC 1

dt
= −iL2 , C2

dvC 2

dt
= −iL1 (3)

where VD1 is always equal to Vin in this mode of operation.

C. SVM Switching

In this paper, SVM technique is used to realize the switching
function. Using this technique, the reference voltages v∗d and v∗q
(which will be determined from the proposed control method)
can be directly realized by the inverter. The voltage space vector
diagram for the inverter is shown in Fig. 4. Assuming that two
adjacent active voltage vectors Vj and Vk in sector Si (i, j, k ∈
{1, 2, 3, 4, 5, 6}) of the inverter and a zero voltage vector V0 (or
V7) are chosen by SVM algorithm to be applied to the inverter,
the duration of application of each voltage vector (tj , tk , and t0 ,
respectively) can be found from [24]

⎡
⎢⎣

Re {Vj} Re {Vk} Re {V0}
Im {Vj} Im {Vk} Im {V0}

1 1 1

⎤
⎥⎦

⎡
⎢⎣
tj

tk

t0

⎤
⎥⎦ =

⎡
⎢⎣
v∗d
v∗q
Ts

⎤
⎥⎦ (4)

where Re{Vj}, Re{Vk}, Re{V0} represent the projec-
tions of the vectors Vj , Vk , V0 on the d-axis, and Im{Vj},

Fig. 4. Space vector diagram for the inverter of Fig. 1.

Im{Vk}, Im{V0} represent the projections of the vectors
Vj , Vk , V0 on the q-axis of a rotating d–q reference frame synced
with the rotor electrical angle (θe ). Therefore

Re {Vj} =
2
3
vPN cos

(
θe − (i− 1)

π

3

)

Re {Vk} =
2
3
vPN cos

(
θe − i

π

3

)

Im {Vj} =
−2
3
vPN sin

(
θe − (i− 1)

π

3

)

Im {Vk} =
−2
3
vPN sin

(
θe − i

π

3

)
. (5)

Solving (4) and (5), the duration of application of each voltage
vector (Vj , Vk , and V0) can be calculated as

tj =
√

3TsV ∗
m

vPN
sin
(
i
π

3
− θang

)

tk =
√

3TsV ∗
m

vPN
sin
(
θang − (i− 1)

π

3

)

t0 = Ts − tj − tk . (6)

In these equations

V ∗
m =

√
v∗d

2 + v∗q 2 , θang = tan−1
(
v∗q
v∗d

)
+ θe (7)

where θe is the position of the PMSM rotor shaft with respect
to the a-axis.

III. PROPOSED CONTROL SYSTEM WITH TORQUE RIPPLE

MINIMIZATION CAPABILITY

In this section, the proposed control system shown in Fig. 1
for the modified qZS network that can drive the PMSM with
minimal torque ripple is described.

A. Predictive Controller for PMSM

The predictive PMSM controller is shown in Fig. 1. The
predictive model of PMSM can be obtained by discretizing
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the equations in (1) using the trapezoidal integration method.
Discretizing (1) yields the equations that incorporate the future
values of d- and q-axes currents over a one-step horizon

vd (k) =
Ld
Ts

(id (k + 1) − id (k)) +
Rs

2
(id (k + 1)

+ id (k)) − ωeLq
2

(iq (k + 1) + iq (k))

vq (k) =
Lq
Ts

(iq (k + 1) − iq (k)) +
Rs

2
(iq (k + 1)

+ iq (k)) +
ωe
2

(2ψm + Ld ( id (k + 1) + id (k)))

(8)

where Ts denotes the sampling time. According to (8), to drive
id(k + 1) and iq (k + 1) to a set of desired values (i∗d and i∗q
respectively), the q- and d-axes voltages need to be set to the
values found from left-hand side of (8) when id(k + 1) and
iq (k + 1) are substituted with i∗d and i∗q , respectively

v∗d =
Ld
Ts

(i∗d − id (k)) +
Rs

2
(i∗d + id (k))

− ωeLq
2

(
i∗q+iq (k)

)

v∗q =
Lq
Ts

(
i∗q − iq (k)

)
+
Rs

2
(
i∗q + iq (k)

)

+
ωe
2

(2ψm+Ld (i∗d + id (k))) . (9)

Meaning that by applying v∗d and v∗q calculated from (9) to the
PMSM using the inverter in each sampling time, the d–q-axes
currents can be made to follow i∗d and i∗q references.

B. Inverter Voltage Control Using Modified qZS Network

According to Fig. 3, in nonshoot-through modes (a) and
(c), the inverter’s input voltage (vdc) is equal to sum of
the two capacitor voltages in the modified qZS network
(vPN = vC 1 + vC 2). The amplitude of inverter output voltages
seen by the PMSM that SVM can generate depends on the vPN
voltage. Consequently, the control objective for control of the
modified qZS network will be to regulate vPN to a desired value
found from the torque ripple minimization technique discussed
in the next section of the paper. The modified qZS controller
block in Fig. 1, which is responsible for control of vPN , is
shown in more detail in Fig. 5.

According to (2) and (3), vPN can be controlled by control-
ling iL1 . As pictured, the outer control loop uses a PI controller
to provide the reference for iL1 , which is denoted by i∗L1 . The
inner control loop then uses a predictive controller to accu-
rately track i∗L1 . It is worth mentioning that since in steady
state iL1 = iL2 , there is no need to separately regulate iL2 ,
meaning that controlling iL1 leads to control of iL2 automati-
cally [25]. The proposed predictive current controller operates
based on switching between shut-off mode and free mode dur-
ing step-down operation and switching between shoot-through
mode and free mode during step-up operation. The output of
the predictive controller provides duty cycles for shut-off mode

Fig. 5. Proposed inverter voltage controller for modified qZS network.

during step-down operation (dsd ), and shoot-through mode dur-
ing step-up operation (dsu ). The dsd is the ratio of the duration
of the shut-off mode to the sampling time during step-down op-
eration, while dsu is the ratio of duration of the shoot-through
mode to the sampling time during step-up operation. The pre-
dictive controller generates dsu = 0 during step-down operation
and uses dsd to regulate iL1 , while during the step-up operation,
it generates dsd = 0 and uses dsu to regulate iL1 . As a result,
the controller needs to determine whether step-down or step-up
operation should be triggered and subsequently calculate the re-
quired duty cycles. The predictive controller decides to trigger
step-up operation if v∗PN > Vin and likewise decides to trigger
step-down operation if v∗PN ≤ Vin . To calculate each duty cycle,
the discretized voltage equation for L1 is needed

L1
diL1 (t)
dt

= vL1 (t) . (10)

In this equation, vL1(t) represents the instantaneous value of
the inductor L1 voltage. Using the Euler forward discretization
method and assuming that the modified qZS network operates
in only one mode during the sampling time meaning that vL1(t)
is constant and equal to VL1 during the sampling time, the value
of iL1 at the end of the sampling time can be found from

iL1 (k + 1) =
TsVL1

L1
+ iL1 (k) (11)

where VL1 for modes (a)–(c) is equal to

VL1 =

⎧
⎪⎨
⎪⎩

Vin − vC 1

Vin + vC 2

−vC 1

Free Mode

Shoot − through Mode

Shut − off Mode.

(12)

On the other hand, if each of these voltages are applied to the
inductorL1 for an entire sampling time, the resulting iL1(k + 1)
at the end of the sampling time is denoted by

iL1 (k + 1) =

⎧
⎪⎪⎨
⎪⎪⎩

iFree
L1

iShoot−through
L1

iShut−off
L1

Free Mode

Shoot − through Mode

Shut − off Mode

(13)

hereinafter. Using this terminology, for the step-down operation,
the proposed predictive controller calculates the amount of time
that the shut-off mode needs to be applied to the converter to
regulate iL1 to its reference value based on the method proposed
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in [21] and [26]

dsd =
i∗L1 − iFree

L1

iShut−off
L1 − iFree

L1

(14)

where tsd = dsdTs is the amount of time that the shut-off mode
needs to be applied to qZS during each sampling time. In other
words, dsd in (14) is the duty cycle of S1 in Fig. 1. For the
rest of the sampling time, the modified qZS network remains
in free mode. Similarly, for the step-up operation, the proposed
predictive controller calculates the amount of time that the shoot-
through mode needs to be applied to the converter as [21], [26]

dsu =
i∗L1 − iFree

L1

iShoot−through
L1 − iFree

L1

(15)

where tsu = dsuTs represents the amount of time that shoot-
through mode must be applied to qZS by SVM method during
each sampling time. For the rest of the sampling time, the mod-
ified qZS network remains in free mode.

C. Torque Ripple Minimization

The flexibilities provided by the proposed modified qZS net-
work can be leveraged to minimize the delivered torque ripples
through two cascaded mechanisms described in this section. The
two proposed torque ripple minimization techniques are denoted
by the voltage-based torque ripple minimization and switching-
sequence based torque ripple minimization hereinafter.

1) Voltage-Based Torque Ripple Minimization: As it will be
discussed below, the amount of delivered torque ripple generated
by the PMSM of Fig. 1 is dependent on the input voltage of the
inverter. Further, it will be shown in this section that there is
an optimum voltage profile for the input voltage of the inverter
that leads to least amount of torque ripple. Unlike the traditional
motor drive systems with fixed voltage source inverters, the
modified qZS network provides great flexibility to regulate the
input voltage of the inverter to any desired value. The optimum
voltage profile for the inverter input voltage v∗PN (denoted as
v∗PN opt hereinafter), will be obtained in this section subject to
minimization of the produced electrical torque ripple.

To find v∗
PN opt in this section, it is assumed that id (k) = i∗d

and iq (k) = i∗q at the start of each sampling time since the
discussed predictive PMSM controller converges the dq-axis
currents to their references in a short amount of time. Further-
more, since the real values of iq (k) and id(k), which are acquired
through measurements (from current sensors) can be distorted
due to noise, they might induce unwanted noise to the obtained
voltage v∗PN opt in (24) in the paper. Besides that, during tran-
sients, this assumption leads to a faster response for the system,
which means that it prepares the Z-source output voltage to ac-
commodate the new operating point for the PMSM. Therefore,
solving the q-axis differential equation in (1) using the Euler
forward method for the duration of the sampling time yields

iq (t) − i∗q =
1
Lq

(
vq −Rsi

∗
q − ωe (Ldi∗d + ψm )

)
t. (16)

Since the absolute value of change in q-axis current is a
determinative factor for torque ripple, to assess the torque ripple,

positive function Δiq (t) is defined as

Δiq (t) .=
(

1
Lq

(
vq −Rsi

∗
q − ωe (Ldi∗d + ψm )

))2

t. (17)

Applying two adjacent active voltage vectors Vj and Vk in
sector Si to the motor results in q-axis voltages Im{Vj} and
Im{Vk}, respectively, [described in (5)]. Therefore, substituting
Im{Vj} and Im{Vk} into (17), the voltage-based torque ripple
equation can be defined as

TVTR
.=

3pψm
2Ts

∫ Ts

0
Δiq (t) dt =

3pψm
2Ts

(∫ tj

0
Δiqj (t) dt

+
∫ tk

0
Δiqk (t) dt+

∫ t0

0
Δiq0 (t) dt

)
(18)

where Δiqj (t), Δiqk (t), and Δiq0(t) are obtained from (17)
and are the changes made to the q-axis current over the time
frames in which the inverter voltage vectors Vj , Vk , and V0 (or
V7) are applied to the motor, respectively. Substituting (17) into
(18) and integration results in

TVTR =
3pψm
2Ts

((
1
Lq

(Im{Vj} −Rsi
∗
q − ωe(Ldi∗dψm ))

)2

× tj
2

2
+
(

1
Lq

(Im{Vk} −Rsi
∗
q − ωe(Ldi∗dψm ))

)2

× tk
2

2
+
(

1
Lq

(−Rsi
∗
q − ωe(Ldi∗d + ψm ))

)2
t0

2

2

)
.

(19)

Further substituting (5) and (6) into (19) results in

TVTR = K

⎛
⎝(k4v

∗
PN opt + k1

)2
(

1
v∗PN opt

k2

)2

+
(
k5v

∗
PN opt + k1

)2
(

1
v∗PN opt

k3

)2

+ (k1)
2 (Ts

− 1
v∗PN opt

(k2 + k3)

)2
⎞
⎠ (20)

where

K =
3pψm

4TsLq 2 , k1 = −Rsi
∗
q − ωe (Ldi∗d + ψm )

k2 =
√

3TsV ∗
m sin

(
i
π

3
− θang

)

k3 =
√

3 TsV ∗
m sin (θang− (i− 1)

π

3

)

k4 =
−2
3

sin
(
θe − (i− 1)

π

3

)

k5 =
−2
3

sin
(
θe − i

π

3

)
. (21)
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Fig. 6. Surface diagram of the optimized voltage profile as a function of
delivered torque at nominal PMSM shaft speed.

Fig. 7. Surface diagram of the optimized voltage profile as a function of speed
when delivering nominal torque.

To minimize the torque ripple, the TVTR derivative with re-
spect to the inverter voltage should be set to zero

dTVTR

dv∗PN opt
= 0. (22)

Solving this equation results in a voltage profile that the mod-
ified qZS network should produce to minimize the torque ripple

v∗PN opt = − (k1k2)
2 + (k1k3)

2 + k1
2(k2 + k3)

2

k1k2
2k4 + k1k3

2k5 − Tsk1
2 (k2 + k3)

. (23)

Fig. 6 illustrates the resulting optimized voltage profile
v∗PN opt as a function of electrical rotor position and delivered
torque from zero to its nominal value Ten , while the shaft speed
is at the nominal value ωmn . Similarly, Fig. 7 illustrates the re-
sulting optimized voltage profile as a function of electrical rotor
position and shaft speed from zero to its nominal value ωmn

when delivering nominal torque Ten .
As pictured, when the motor is operating at a specific oper-

ating point, delivering certain amount of torque at a particular
shaft speed, the value of v∗PN opt oscillates with a frequency of
6ωe . By accurately regulating vPN to track the obtained v∗PN opt
profile, the torque ripple will be minimized. However, at high
speed operation of PMSM, the bandwidth of oscillations of
v∗PN opt might exceed the bandwidth of the dynamic response
of the Z-source network, making it difficult for the Z-source net-
work to follow the desired voltage profile. This condition does
not occur because the controller is unable to follow the voltage

profile, but it happens in applications where the qZS converter
design criteria lead to a design with a slow dynamic response
(low bandwidth). For these particular situations, a suboptimal
constant voltage profile solution can be identified, which still
significantly minimizes the torque ripple. Choosing a constant
value for vPN more than the peak value of v∗PN opt increases
the torque ripple according to the torque ripple equation in (20)
and thus it is not appropriated. Also, choosing a value less than
the peak value of v∗PN opt prohibits the PMSM to provide the
required torque to the load throughout each period. Meaning
that, according to (16), if the input voltage of the inverter is less
than the voltage profile in (23), then the inverter cannot provide
enough voltage for PMSM to drive iq to its reference value, re-
sulting in failure to produce the required load torque. Therefore,
the peak value of the v∗PN opt can be chosen as the suboptimal
solution to the problem of torque ripple minimization.

Finally, it is worth mentioning that the step-up operation of
the modified qZS network imposes a limitation to increasing of
v∗PN since generating a higher value for this voltage requires a
larger time duration spent in the shoot-through mode according
to the voltage gain equation of qZS network [27]. The SVM
block in Fig. 1 outputs time durations for realizing each inverter
voltage vector. Among them, t0 is the time duration that the
inverter must produce zero voltage vector. On the other hand,
dsu obtained from (15) has to be applied to the inverter when
the inverter realizes the zero voltage vector since the shoot-
through mode also provides a form of zero voltage vector to
inverter. Therefore, the inverter needs to realize the zero voltage
vector for a duration of at least tsu = dsu Ts , which means that
t0 ≥ tsu . Considering that t0 + tj + tk = Ts , the inequality can
be calculated as

(Ts − tj − tk ) ≥ tsu . (24)

Substituting (6) into (24) leads to
(
Ts −

√
3TsV ∗

m

v∗PN lim
sin
(
i
π

3
− θang

)
−

√
3TsV ∗

m

v∗PN lim
sin
(
θang

− (i− 1)
π

3

))
≥ tsu (25)

and simplifying this equation produces an inequality that de-
scribes the limit on v∗P N

v∗PN lim ≥
( √

3V ∗
m

1 − dsu
sin
(
i
π

3
− θang

)
+

√
3V ∗

m

1 − dsu
sin
(
θang

− (i− 1)
π

3

))
. (26)

Therefore, this limitation should be checked continuously to
assure the proper operation of the system.

2) Switching-Based Torque Ripple Minimization: In addi-
tion to finding the v∗PN opt that reduces the torque ripple, the
torque ripple can be further reduced by modifying the con-
ventional SVM algorithm to leverage the flexibility provided
by inclusion of shoot-through modes for devising a switching
sequence that further reduces the q-axis current ripples (and
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Fig. 8. q-axis current trajectories for (a) SVM switching without Z-source network, (b) conventional SVM switching technique with Z-source network, and
(c) proposed SVM switching technique with Z-source network.

hence the torque ripple). To demonstrate the effect of switching
sequence on the torque ripple, a case study is provided here.
In this case study, the SVM is operating in sector S1 where
active voltage vectors V1 and V2 as well as the zero voltage
vector V7 are chosen to be realized by the inverter using the
alternating zero voltage vector method described in [28]. Using
this method while operating in S1 , at the start of the sampling
time, the status of conduction of the upper switches of a conven-
tional inverter are SaH = ON, SbH = OFF, and ScH = OFF
(shown by H = 100 hereinafter, where H represents the con-
duction status of the upper switches), while the conduction sta-
tus for the lower switches are SaL = OFF, SbL = ON, and
ScL = ON (shown by L = 011 hereinafter for lower switches)
for tj /2 s to realize the active voltage vector V1 . Then, the in-
verter generates the active voltage vector V2 using H = 110 and
L = 001 for tk/2 s. Next, the inverter generates zero voltage
vector V7 using H = 111 and L = 000 for t0 s. Once more, the
inverter generates active voltage vector V2 using H = 110 and
L = 001 for tk/2 s, and finally generates active voltage vector
V1 again using H = 100 and L = 011 for tj /2 s. The effect of this
switching sequence on the q-axis current trajectory is illustrated
in Fig. 8(a).

On the other hand, in a Z-source inverter, the shoot-through
modes need to be included in the switching sequence as well.
Fig. 8(b) illustrates the conventional switching sequence for
a Z-source inverter [27] where the inverter is responsible to
realize the shoot-through mode for the modified qZS network for
tsu = dsuTs . As pictured, the shoot-through modes are triggered
starting at time instances when the inverter voltage vector is
being transitioned from one vector to another one. For example,
according to Fig. 8(b) after the inverter has spent tj /2 s on V1
using H = 100 and L = 011, a shoot-through state is realized
using H = 110 and L = 011, followed by generating V2 using
H = 110 and L = 001. Since in this switching method, the
switching vectors change four times during a switching period,
the duration of a shoot-though state after each change needs to
be tsu/4.

To further decrease the iq ripple (and consequently torque rip-
ple), the switching method illustrated in Fig. 8(c) is proposed. In
this method, instead of realizing the shoot-through mode start-
ing at every transition, the shoot-through is realized only when a
transition between two active voltage vectors is happening. For
example, for the previous studied case of operating in S1 , using
the proposed technique the shoot-through occurs only when the
inverter intends to realize active voltage vector V2 after it has
spent tj /2 s on active voltage vector V1 and vice versa. Thus, the

Fig. 9. Comparison between q-axis current trajectories for the three switching
techniques in Fig. 8.

duration of shoot-through between only active voltage vectors
needs to be tsu/2.

To investigate the merits of the proposed switching method,
the switching-based torque ripple is defined as

TSTR
.=

1
Ts

∫ Ts

0
|Te (t) − T ∗

e |dt (27)

that can be formulated based on iq as

TSTR =
3pψm
2Ts

∫ Ts

0

∣∣iq (t) − i∗q
∣∣dt. (28)

To evaluate (28) for the three switching strategies in Fig. 8,
the three q-axis current trajectories in this figure are overlaid
and illustrated in Fig. 9. As pictured, the absolute value of
the area under the q-axis error current trajectory |iq (t) − i∗q |
for SVM without Z-source network [see Fig. 8(a)] is equal to
2(δ + δ1 + δ2). This value for conventional SVM for Z-source
network [see Fig. 8(b)] and the proposed SVM with Z-source
network [see Fig. 8(c)] are 2(δ + δ2) and 2δ, respectively. Ac-
cording to (28), less area under the q-axis error current tra-
jectory leads to less switching-related torque ripple. Therefore,
according to (28) and Fig. 9, the switching-based torque ripple
generated by the proposed method is 2δ2 less than the switching-
based torque ripple generated by the conventional SVM for an
inverter with a Z-source network.

IV. EXPERIMENTAL RESULTS

The control system has been implemented using a digital sig-
nal processor from Texas Instruments (TMS320F28335). For the
speed control loop, KP and KI of the PI controller have been
set to 0.063 and 12.57, respectively. For voltage control loop of
qZS, these values have been set to KP = 0.72 and KI = 46.3.
The PI controllers are optimized to have the minimum overshoot
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Fig. 12. Waveforms for qZS variables for the experiment of Fig. 11.

Fig. 13. Steady-state PMSM operation with 400 V dc input voltage at
2500 r/min speed. (a) PMSM three-phase currents. (b) Delivered torque.
(c) d-axis motor current. (d) Shaft speed.

the measurement results for PMSM three-phase currents, de-
livered torque, d-axis motor current, and shaft speed, respec-
tively. The THD of the PMSM currents in this experiment is
equal to 11.32% and the peak to peak torque ripple is equal to
1.757 N·m. The THD of the PMSM phase currents has been cal-
culated by MATLAB using the imported data acquired from the
oscilloscope.

The same experiment has been performed while the inverter is
fed by the modified qZS network controlled using the proposed
control system. In this speed, since the frequency of oscillation
of the voltage profile generated by (23) exceeds beyond the
qZS bandwidth, the suboptimal solution has been applied as a
reference for the qZS. The waveforms in Fig. 14(a)–(d) show the
measurement results for PMSM three-phase currents, delivered
torque, d-axis current, and shaft speed, respectively. The THD of
the PMSM phase currents using the proposed method is equal to
7.04% in this condition. This shows a 4.28% reduction compared
to the case with a constant dc source. The peak to peak delivered
torque ripple in this condition is equal to 1.147 N·m. This shows
a 0.610 N·m reduction (34.72% reduction) compared to the case
with a constant dc source. Results of this experiment show that
compared with feeding the inverter with a constant dc source,
although the suboptimal solution has been used, the proposed
method provides a more satisfactory steady-state response with
less current THD and torque ripple.

Fig. 15 illustrates the waveforms for modified qZS network
quantities for the previous experiment. This figure illustrates that
the proposed MMPC controller for qZS effectively stabilizes the
qZS control variables.

Fig. 14. Steady-state PMSM operation with the modified qZS network at
2500 r/min speed. (a) PMSM three-phase currents. (b) Delivered torque.
(c) d-axis motor current. (d) Shaft speed.

Fig. 15. Waveforms for qZS variables for the experiment of Fig. 14.

Fig. 16. Steady-state operation with 400 V dc input voltage at 1500 r/min
speed. (a) PMSM three-phase currents. (b) Delivered torque. (c) d-axis motor
current. (d) Shaft speed.

The next two experiments, reiterate the two previous experi-
ments except that the motor speed is set to 1500 r/min to evaluate
the performance of the proposed method in various shaft speed
conditions. The delivered torque in this condition is equal to
4 N·m. The waveforms in Fig. 16(a)–(d) show the measurement
results for PMSM three-phase currents, delivered torque, d-axis
current, and shaft speed, respectively, when a 400-V dc source
is used. The THD of the line currents in this experiment is
equal to 10.06% and the peak to peak torque ripple is equal to
1.700 N·m.
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Fig. 17. Steady-state PMSM operation with the modified qZS network at
1500 r/min speed. (a) PMSM three-phase currents. (b) Delivered torque.
(c) d-axis motor current. (d) Shaft speed.

Fig. 18. Waveforms for qZS variables for the experiment of Fig. 17.

The waveforms in Fig. 17(a)–(d) show the measurement re-
sults for PMSM three-phase currents, developed torque, d-axis
current, and shaft speed, respectively, when modified qZS net-
work and the proposed control system are used. The THD of
the PMSM phase currents in this condition is equal to 3.73%.
Similar to before, this shows a 6.33% reduction compared to
the case with a constant dc source. The peak to peak delivered
torque ripple in this condition is equal to 0.530 N·m, which
shows a 1.170 N·m reduction (68.82% reduction) compared to
the case with a constant dc source. Results of these two exper-
iments further confirm the previous results about reducing the
THD of motor currents and the delivered torque ripple.

Fig. 18 illustrates the waveforms for modified qZS network
quantities for this experiment. This figure illustrates that the
proposed MMPC controller for qZS effectively stabilizes the
qZS control variables.

In the next experiment, the transient response of the proposed
method to a reference speed change is evaluated. To perform
this experiment, the speed reference is first stepped up from
1500 to 2500 r/min and then is stepped down from 2500
to 2000 r/min, while the load torque has been kept constant
at 4 N·m. Fig. 19 illustrates the motor side results. The results of
this experiment demonstrate the effectiveness of the proposed
method for following the speed reference.

Fig. 20 illustrates measurements of modified qZS network
variables for this experiment. As pictured, during this exper-
iment, the proposed method adjusts the modified qZS output
voltage to keep the torque ripple at minimum.

Fig. 19. Transient response of the PMSM using the proposed control system.
(a) PMSM three-phase currents. (b) Delivered torque. (c) d-axis motor current.
(d) Shaft speed.

Fig. 20. Transient response of the modified qZS network to speed change of
the motor. (a) Capacitor voltages vPN , vC 1 , and vC 2 . (b) inductor currents
iL 1 and iL 2 .

Fig. 21. Transient response of the PMSM variables to load torque change.
(a) PMSM three-phase currents. (b) Delivered torque. (c) d-axis motor current.
(d) Shaft speed.

In the next experiment, the transient response of the proposed
method to a load torque change is evaluated. To perform this ex-
periment, the load torque is first stepped up from 2 to 4 N·m and
subsequently is stepped down from 4 to 3 N·m, while the shaft
speed is kept constant at 2500 r/min. Fig. 21 illustrates the motor
side results. This figure demonstrates that the proposed control
system effectively responds to changes in the load torque.

Fig. 22 illustrates the waveforms for modified qZS network
quantities for this experiment. This figure demonstrates that
in case of a load torque transient, the proposed controller for
modified qZS network effectively regulates the current of the
inductors to comply with the new load torque requirement of
the PMSM.
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Fig. 22. Transient response of the modified qZS network to load torque
change. (a) Capacitor voltages vPN , vC 1 , and vC 2 . (b) Inductor currents iL 1
and iL 2 .

Fig. 23. Experimental q-axis current trajectories. (a) Conventional SVM
switching technique. (b) Proposed SVM switching technique.

Fig. 24. Comparison of q-axis current trajectories for the switching techniques
in Fig. 23.

In the final experiment, the effect of the proposed SVM
switching technique for switching-based torque reduction is
compared to the conventional SVM. In this experiment, the
motor is operating at 2500 r/min, while the shaft is deliver-
ing 4 N·m torque. Fig. 23 compares the q-axis current of the
motor when the two switching techniques have been used for
generating inverter switching signals.

Fig. 24 depicts the two waveforms in Fig. 23 superimposed.
According to this figure, the switching-based torque ripple using
the proposed method is 2δ2 less than the switching-based torque
ripple of the conventional SVM for an inverter with a Z-source
network.

V. CONCLUSION

This work presented a torque ripple minimization scheme for
a modified qZS-based PMSM drive system to reduce the PMSM
torque ripples while satisfying other control objectives during
motor operation. The proposed voltage-based torque ripple re-
duction technique provided an optimal voltage profile reference
for the modified qZS network to reduce PMSM torque ripples.
The demonstrated MMPC method could effectively follow the
provided reference. The proposed switching-based torque rip-

ple reduction method further reduced the torque ripple at any
given voltage reference point by altering the switching sequence
selection scheme. It is also worth mentioning that the shut-off
network added to the conventional qZS network in this paper
imposes extra power losses to the whole system. On the other
hand, the torque ripple minimization method optimizes the in-
put voltage of the inverter, which leads to lower applied voltage
on the inverter switches compared to the conventional qZS in-
verter and subsequently decreases the power loss of the inverter.
Hence, it is hard to determine whether the proposed method
would increase the efficiency or decrease it without comparing
the switching losses in whole system for different operating con-
ditions. Nevertheless, the efficiency examination of the method
is complicated and will be studied in future work. Furthermore,
in the proposed method, the input voltage of the inverter is opti-
mized to achieve lower output torque, which inevitably reduces
the dynamics of the system as well. The provided experimental
results confirmed that the proposed technique can effectively
reduce the torque ripples of the PMSM at various operating
conditions. The results also confirmed that the proposed tech-
nique operates effectively during dynamic changes applied to
PMSM speed or load. The ability of the proposed switching
based method for further reducing the torque ripple was also
illustrated using experimental results.
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