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1. INTRODUCTION

The matrix converter (MC) has acquired significant attention in academic and industrial field since
the manufacture. The matrix converters introduce power flow in two directions, the waveforms of input and
output current are sinusoidal, and the topology of MC has not a dc-link capacitor, which increases the system
lifetime compared with the traditional back-to-back converter [1, 2]. The MC configurations is divided into
direct matrix converter (DMC) and indirect matrix converter, the IMC solves the commutation problems
found with utilizing of the DMC [3-5], the implementation of traditional IMC is limited due to: traditional
IMC has a constrained voltage ratio less than 0.866 [6]; and the power supply immediately is connected to
the load, which may cause disturbance between both sides in each other.

To raise the voltage gain of the traditional IMC, several over-modulation methods have been
suggested , they could extend the voltage gain of traditional IMC but at the expense of low frequency
harmonics in both input current and the output voltage [7]. latterly, the Z-source IMC (ZSIMC) is proposed
through integrating the Z-source network (ZSN) between rectifier and inverter stages of the IMC (in the
intermediate DC-link), which is utilized to raise the dc-link voltage of the inverter. However, it needs large
capacitors and inductors in the dec-link bus[8],[9]. A family of Z source direct matrix converter (ZSDMC)
were suggested, which employed lower number of switches and passive components to boost the voltage
gain. But they still need to solve complex commutation of DMC. In this paper, a quasi-Z-source indirect
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matrix converter (QZSIMC) is proposed, which forms by integrating the QZSN to the traditional IMC in the
input side of three-phase supply. The QZSN raises the voltage gain, and also it has a smaller size of passive
components than the DC-side QZSN. Without complex commutation of the DMC, the control method of the
QZS-IMC is simpler. Also, lower switching loss can be achieved through zero current commutation in the
rectifier stage [10], [11].

Permanent Magnet Synchronous Motor has many features such as its torque /inertia ratio is high,
wide speed range and high efficiency, which make it the most widely AC machine used in application of
servo control. PMSM shows the excellent performance in transient and steady state, getting overall research
attention and used in the application of different fields such as in robotics, household, aerospace and others
[12]. There are many different control strategies for the PMSM motor, most common and effective strategy is
vector control or so-called Field oriented control (FOC), which enables PMSM to have a fast response with
soft start. The vector control theory is used in PMSM drives with d-g reference frame, hence the controlling
of flux and torque is achieved independently, so by applying vector control, the PMSM is equivalent to
separately excited DC motor operating in steady state [13]. To improve performance of vector control,
various controllers are proposed such as traditional Proportional Integral (PI) controller, Proportional Integral
Derivative (PID) controller, fuzzy PI controllers and others [14]. PI controller has been widely employed in
the industry because of low cost and small steady-state error [15]. The voltages applied to motor are
produced by using two PI controllers with the d-q current signals, which are called as magnetizing loop and
as well as torque loop. And mostly, they have no effect with each other. But at high speed, d- and ¢- axis
currents will make marked coupling effect, which will demean overall performance of motor. To eliminate
this problem, a motor current decoupling control is used [16]. Space vector modulation is used as a
modulation technique for Matrix converter [17]. In this technique, the three phase voltage quantities (v,, vy,
v.) are transformed to their equivalent two-phase quantities (alpha, beta) by means of Clark’s
Transformation. Magnitude and angle of the voltage reference vector can be determined from the two-phase
quantities to identify sectors [18]. In each sector, the voltage reference vector is located between two active
vectors, which are employed to calculate the duty cycles of the switches. Thus, the desired switching signals
are generated to control the switches of IMC [19], the whole drive system can be clarified in Figure 1.

In this paper, the QZSIMC-based PMSM drive is illustrated through implementation of simulations
under grid voltage sag, variable load and reference speed conditions after the operation principle and analysis
of the configuration for the QZSIMC are demonstrated. The vector control is applied to the motor drive
system. Simulation results verify ability of proposed converter to vary voltage gain according to required
motor speed and load condition.
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Figure 1. The basic of scheme QZSIMC based drive system

This paper is categorized as follows: The topology and modulation of proposed QZSIMC is
presented in Section 2. The circuit analysis of proposed QZSIMC is illustrated in Section 3. The parameters
of QZSN are designed in Section 4. The control strategy of shoot through duty radio is showed in Section 5.
The mathematical model of PMSM is demonstrated in Section 6. Section 7 explains the vector control of
PMSM. QZSIMC based drive system is discussed in Section 8. Section 9 comprises the simulation results of
motor drive. And finally, conclusion is made in Section 10.
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2. TOPOLOGY AND MODULATION OF PROPOSED QZSIMC

In this paper, the QZSN is used as a booster for dc-link voltage, which connects the three-phase
supply voltage with IMC.The input current of this converter is in continuous conduction mode (CCM)
because of filtering function of QZSN. The IMC topology of proposed QZSIMC is consisted of two stages;
rectifier and inverter stages,and the SVM control strategy is applied for both stages to generate switching
signals of the power switches in order to obtain desired source current and output voltage waveforms [20].

2.1. Proposed topology

The topology of QZSIMC is shown in the Figure 2, which comprises of five parts: three-phase AC
source, QZSN, rectifier stage, inverter stage and AC load. The QZSN is consisted of the six inductors (Lg,
La2, Lp1s Lpa, Leq, Ley), six capacitors (Cyq, Cqz, Cpi, Cpa, Ceq, Cop), and three bidirectional switches (S,, Sy,
S:). These switches are controlled by applying one gate signal (S,), since they own the same switching
attitude, this unique impedance network enables the proposed QZSIMC to operate in two modes the buck and
boost modes [21].
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Figure 2. Topology of proposed QZSIMC

2.2. Space vector modulation

The grid current-fed SVM can modulate the rectifier stage to obtain sinusoidal input current and
controllable input power factor. While, the output voltage-fed SVM is applied in the inverter stage to
modulate three-phase output voltage. The modes of the rectifier's switches can be divided into two vector
states, active vector and zero vector states. To boost the output voltage of QZSN, the simple boost control
method is
proposed [22, 23], in which the shoot-through zero vector is inserted during zero vector of rectifier stage, as
shown in Table I. In this state, the three-phase supply voltage is short-circuited to obtain voltage boost [24].
By taking sector 1 as an example, the vector reference of input current I..¢ is formed by vectors I, and I4,

as shown in the Figure 3.

Table 1. Input current vectors, switching combinations and DC-link voltage

N Vac Sap Sbp,  Sep  Say  Spn Sen  Vector  Vector meaning

1 Vac 1 0 0 0 0 1 Lae Active vector

2 Vbe 0 1 0 0 0 1 Ipe Active vector

3 -Vab 0 1 0 1 0 0 L Active vector

4 -Vac 0 0 1 1 0 0 Loe Active vector

5 “Vbe 0 0 1 0 1 0 Tpe Active vector

6 Vab 1 0 0 0 1 0 Lb Active vector

7 0 1 0 0 1 0 0 La Zero vector

8 0 0 1 0 0 1 0 Iy, Zero vector

9 0 0 0 1 0 0 1 lee Zero vector

10 0 1 1 1 0 0 0 Iq Shoot - through zero vector
11 0 0 0 0O 1 1 1 I4 Shoot - through zero vector
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Figure 3. Space vector diagram of the rectifier stage

The duty cycles of the three vectors in sector 1 are calculated by:

d, =m sin(%—@i) (1)
dg = m; sin (Gi + g) (2
ds, = Const(dg <1 —d, — dp) (3)
dor =1—d,—dp —dg )

Where m; is the modulation index of rectifier stage, 0; is the input current vector angle, d,, dg , d, and do,
are the duty ratios of active vectors, shoot-through and zero vectors in one switching cycle, respectively. The
diagram of the space vector for inverter stage is explained in Figure 4.
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Figure 4. Space vector diagram of the inverter stage

The inverter stage is the same as traditional voltage source inverter, which consists of the six active
vectors and the two zero vectors [25], the duty ratios in sector 1 as example are calculated by:

d,, = mgsin( g— 0,) %)
d, = mgysinf, (6)
do; =1-d, —d, @)

Where myis the modulation index of the inverter stage, 8, is the output voltage vector angle, d, , d,, and d;
are the duty ratios of active vectors and zero vector of rectifier stage, respectively.

In one switching period, in order to obtain balanced three phase input current and three phase output
voltage, the modulation pattern combines switching states of two stages. In the inverter stage, the switching
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pattern should divide into two groups since the dc-link has two positive line-to-line input voltages, the
produced switching sequence is shown in the Figure 5. Calculation of the corresponding duty cycles can be
obtained as:

dyg = dy - dg (®)
dyp =dy - dp 9
dye = d, - dg (10)
dyg = dy - dg (11)
Aot = doi  dg (12)
doip = do; - dp (13)

Where dyq, dyp, dva, Qua, doia, and dyp are the duty cycles of different vectors of output voltage in one
switching period.

From the Figure 5, while commutation in the rectifier stage occurs, the inverter operates on zero
vector, which denotes that the dc-link current is zero throughout commutation. Thus, zero current switching
is ensured on the rectifier stage throughout commutation, which reduces switching loss in rectifier stage, and
this simplifies the commutating problem, which it is very complex with DMC [26].
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Figure 5. Switching sequence for proposed QZSIMC

3. CIRCUIT ANALYSIS OF THE PROPOSED QZSIMC

Figure 6 shows the circuit of the proposed QZSIMC feeds R-L load during the non-shoot through
(NST) and shoot through (ST) states. Turn on / off of the bidirectional switches of QZS network (S,) will run
it into two states. The first state is NST, as shown in the Figure 6(a) ; in this state, the front-end rectifier of
IMC runs in traditional way and the three switches S, (x = a, b, ¢) of QZSN are turned ON (S, = 1). With
the time period (/-D) Ty, the capacitors are charged by inductors; each output phase voltage of the QZSN is
equal to the sum of voltages for two capacitors [27]. On the other hand, during the ST state, switches S, (x =
a, b, ¢) are off (S, = 0) as shown in Figure 6 (b), the three upper switches of front-end rectifier stage is short
circuited, and the QZSN inductors for each phase are charged for one switching cycle, if T, is the time
duration for shoot-through state, the shoot-through duty cycle is calculated as D= T,/T,. The output voltage
of QZSN can be raised to the required value by controlling shoot-through duty.
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Figure 6. The circuit of the QZSIMC. (a) non-shoot-through state and (b) shoot-through state.

Dueto Ly =Lgy=Lp1=Lgy=L¢1=L,=L and =C,,=Cy;=Cp,=C;=C.,=C, from the Figure 6 (a), the following
expressions can be obtained:

[VLa: ] Veas 114,
Vip, |= Ub — | Yeps | — Ry |y, (14)
v D, i
L Lcl_ Ccl lLCl
_ULaZ_ vcaz iLaZ—
YLy |=— Vevz | — Ry |y, (15)
.vLCZ g vCCz iLCZ ]
I . .
Lcay Lay lq
, r I
Lopy |= [tpe [ — W (16)
, , It
_lCcl_ chl 2
L .
o Las lq
, | Iy
Yops | = oz | = | b (17
, . e
_lCcz_ chZ le

From the Figure 6 (b), it can be obtained

[VLa: ] Va] Veaz iLal

VLpy Ivb + vcbzl —R;, |iL,, (18)
_vLcl . Ve v"cz iLc1

_ULaZ 1 vCal_ iLaZ

ULy, I["%l — Ry | Ly, 19)
.vch . vccl d ich

[lcar]  [iLa

iCb1 == liLbzl (20)
_iCc1_ ich

Where R, is the stray resistance of inductors.
iCaz lLal
Loy |= (2D
iCcz chl

In one Ty, the average values of QZSN inductor voltages and QZSN capacitor currents must be zero, R; = 0.
Then, from Equation (14) - (21), the average equations can be obtained as:
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[VLa1] Va Veas Va Veas
Vip, | = D(|vp| + Vey, Y+ (1 —=D)( Ubl — [vcbll) =0 (22)
_vLcl J Ve vccz Ve vccl
_vLaz ] vCal vcaz
Uiy | =D |Veps |+ (1 = D)(— vaZl) =0 (23)
| Vi, | Vee, Ve,
-iCa1- -iLaz- -iLal- -izlz-
Loy | = D(= [ty )+ (X = D)(|leps | — |Ep[) =0 (24)
[ icc, L, ] i, ] Lic)
-iCaz- -iLal- -iLaz- -izlz-
Lepy | = D(—|lpy D+ (A = D)(|lipe | = |is]) =0 (25)
[ icc, L, ] i, ] Lic)
From Equation (22) -(25), the QZSN capacitor voltages and inductor currents of QZSN are:
_vcaf ( ) [Va]
1-D
Vo | = 55 | (26)
L “Ccq | | Ve |
_vCaz- [Va]
Ve, | = —2— v, 27)
_chz J (1-20) | Ve |
-iLa1- iLaz ia
Ly [=| Ly, _[ibl (28)
.iLcl. ich b
From Equation (26) - (28), the output voltages and currents of QZSN are:
i 2
. (1-2D) | .
[ lc le
[va Vq
2 !
V| =155 [Vbl (30)
_UC’ Ve
Then the voltage boost factor (B) can be expressed as:
V’i _ 1
b=y =15 ®<09 (31)

Where V'; is defined as the amplitude of output voltages (v, v}, Ve) of QZSN and V; represents the input
phase voltage amplitude. The relation between the boost factor and shoot through duty ratio is explained in
the Figure 7.
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Figure 7. Voltage boost versus shoot-through duty ratio

The average dc-link voltage of the QZSIMC is
V' = 2V; Bm; cos(8;n) (32)

Where 6;, is phase angle between output phase voltage and current of QZSN.
The modulation index m, of the inverter stage is

V3V,
me=yr2 (33)

Where V, is the amplitude of output phase voltage for QZSIMC, and the voltage gain G of the proposed
QZSIMC is obtained as:

_ Yo _moVa _ V3 mmo _ V3
G_Vi_ V3v; 2 1-2D zBm (34

Where m;=1—D, the equation of voltage gain can be rewritten as:

_0.866(1-D)mg

G V= 335

4. PARAMETERS DESIGN OF QZS NETWORK

The switching current ripple and voltage ripple are significant items in choosing inductances and
capacitances of QZSN, since the inductor of the QZSN must limit switching current ripple, and capacitor
must limit switching voltage ripple, from shoot through and non-shoot through states the ripple of current and
voltage can be expressed as:

v;D(1-D) __liLg,D

Al = 22 =
™ a2y 77¢ 7 ficy

(36)
Where i, , is the inductor current, fydenotes the switching frequency, v; denotes the input phase voltage.
The desired inductor current ripple is assumed within k; .44, and the required capacitor voltage ripple is
assumed within k, V¢ .. where ky is ripple ratio of the current and k; is the ripple ratio of the voltage, and
Lateq and Vg, . are the rated input current and the rated voltage on capacitor-C,, respectively. From
Equation (27), V¢, ..,= DVs / (1-2D) with V; the root mean square value of grid voltage, then the QZSN
inductance and capacitor are derived as following [28]:
[ >__ ViP-D)

~ fskilrated (1-2D)

(37

Irated
> 1ael —
C Ky S(l ZD) (38)
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5. CONTROL STRATEGY OF SHOOT THROUGH DUTY RATIO
From Equation (35), It can be assumed that my=1. To ensure that D is the best optimized choice, the
value of D is established as:

_ Vp—0.866V; (39)
2Vp—-0.866V;

The flowchart of control algorithm for D is shown in the Figure 8. the input of main flow chart
includes amplitude of input phase voltage V; and the amplitude of output phase voltage V; of QZSIMC. When
the required voltage gain G is less than or equal 0.866 (the voltage gain of conventional IMC), it is not

necessary to boost the voltage, the QZSN will only run as a second order filter with D = 0, and m; = 1.
When the requested G is larger than 0.866, the value of shoot through duty ratio D is equal to % and
0 —0. i

m; =1—D, which achieves optimal operation of QZSIMC based drive system.

.
| 5ot
i

Yes No
¥
D=x

=

|

Figure 8. Flowchart optimal operation control of D

6. MATHEMATICAL MODEL OF THE PMSM

The replacement of rotor windings by permanent magnets give the permanent magnet motor many
advantages including the removal of brushes, slip rings, and copper losses in the rotor's field winding. It
makes the motor to run in a higher efficiency. The mathematical model of a PMSM is like to that of the
wound rotor synchronous motor, since the stator of both motors are similar. To derive mathematical model,
the following assumptions must be considered for PMSM [15].
a. Saturation is neglected.
b. The back emf is sinusoidal.
c. Eddy currents and hysteresis losses are negligible
The three phase PMSM voltages (4-B-C) are converted to two phase voltages by Park-Clark transformation
as:

—sin(6) —sin(0 — a) —sin(8 — 2a)| |v,
1 1 1 vC

vy cos 6 cos(6 — a) cos(8 = 2a) 1 v,
[vql = [ I l (40)
0

2 2

Where, 6 is the rotor angle and a = 2m/3
According to PMSM equivalent circuit in the rotor rotating reference frame, the voltage equations are given
as [18]:

vy = Ry lig + La 52— wlq (41)

) di
Vg =Rs-ig+Lg d—f + w,Aq (42)
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Where v4 and v, are d-q axis voltages, i, and i, are d-q axis currents, 44 and 4, are d-g-axis fluxes and w, is
the electrical rotor speed in rad/s, Rg is the stator resistor. The fluxes of permanent magnet and the
electromagnetic torque are given by:

}ld = Ld . L'd + Am (43)
Ag=Lg-ig (44)
Te =22 (Aaiq — Aqla) (45)

Where p is the number of poles, and 4,,, is permanent magnet flux linkage, and the mechanical expression of
torque is

dwy
de

T,=T,+B -w.-+]- (46)
Where w, is the mechanical speed, J is the inertia moment of the motor and T, is the load torque, w, is
expressed as follows.

w, = [ (@) .dt (47)

7. VECTOR CONTROL Of PMSM

Vector control is high-performance control technique which is equivalent to speed control method of
DC machines [17]. It is observed from Equation (47) that motor speed can be controlled through controlling
the delivered torque. For surface mounted PMSM, the d and ¢ inductances are equal (L; = L;) The
generated torque is expressed as:

Te =22 (An - iq) (48)

To obtain i; and i, from three- phase motor currents, Park-Clarke transformation is used, which
consider a flux generating and torque of stator current components, respectively [19].

ia] _[cos@ cos(6 — a) cos(0 — 2a) ?A
[l'q] B [—sin 0 —sin(f—a) -—sin(0-2a) ] [;Bl (49)
c

The reference speed is compared with the actual motor speed and the resulting error is applied to the
PI controller. The output of the PI controller is represented as i, while the reference of i, is set to zero. The
references ij and i; are compared with transformed stator current and applied to another PI controllers. From
the output of both PI controllers (d-g) voltages can be generated. Thus, PI control loop for i; is used to
provide v4, and the rotor speed PI controller is used to get the reference iz, which in turn provides v, with PI
control loop for i, ,as shown in the Figure 9. In Equation (41) and (42), we(Lgiq + Am) and —w,L, ig are
coupling terms. If speed of motor is high, their effect cannot be neglected. In order to remove the coupling
part, these two terms must be added to (d-q) voltages. The decoupling control block, v;" and vg" can be
calculated as:

vy = —weLyg i (50)

Vg = we (Lala T Am) (51
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Figure 9. Vector control of PMSM

8. QZSIMC BASED PMSM DRIVE

In this section, the proposed converter is applied to PMSM drive. The vector control of the PMSM
drive with QZSIMC is shown in Figure 10, which illustrates that the output voltages of QZSN are input for
the rectifier stage, while the inverter stage supplies the motor with variable frequency and voltages. The
generated switching signals are applied for power switches of QZSN, rectifier and inverter stages of
QZSIMC.

Equation (30)
o Calculage D

]
i
SVFWA :
: v Iuie
“ i T T 1
i !
§= : Inverter :
S5 [l svEu Suge ||
® 8 |wg H 1
=1 1 i
KL
Bk
i {1
i,

Figure 10. Block diagram of PMSM drive system

9. SIMULATION RESULTS

The Simulation results of QZSIMC-fed PMSM drive shown in Figure 10 are obtained using
MATLAB/ Simulink 2015b, that is running on CORE i7 PC (2.4GHZ CPU) with 8 GB RAM. The
parameters of the system are shown in Tables 2. The drive system is simulated under three cases to show
advantage of proposed converter to motor drive and validate QZSIMC performance in transient and steady
state. The first case is carried out with variable speed and fixed load, the second case is carried out with
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variable load at rated speed, and finally, the third case is implemented under rated speed and load with 40%
input voltage sag.

Table 2. Parameters of drive system

QZSIMC parameters:

Parameters Value
Three-phase voltage source 220V/50Hz
Inductance of QZSN SmH

Capacitance of QZSN C; 10 puF
Capacitance of QZSN C, 30 uF
Switching frequency 10 KHz
PMSM parameters:
Parameters Value
Rated power 1.1 kW
Rated speed 3000 rpm
DC voltage 220V
Stator inductance 0.0085 H
Stator resistance 2.875Q
Rotor moment of inertia 0.0008 KI§. m?
Friction factor 0.001 N.m.s
Magnetic flux 0.175 Wb
Number of pole pairs 2
Rated torque 3N.m

9.1 Casel

In this case, the simulation has been performed for the reference speeds of 1500 and 3000 rpm with
the simulation time of 2 seconds as shown in Figure 11(a) The initial condition of this simulation is given as
follows: motor is loaded with value of 2 Nm, the initial speed response is from 0 to 1500 rpm, then the speed
is increased to 3000 at time 1 second. The speed response shows that the actual speed of the system can track
the actual value more quickly and smoothly, the response of torque is shown in Figure 11(b).

pood (rpm)

:
\

\
Torque (M.m)
/’
( 1

(a) ()

Figure 11. The simulation results for Case 1 (a) motor speed and (b) motor load torque

The source current and input voltage are shown in Figure 12(a), which demonstrates that the input
power factor approximately is unity and the waveform of the source current is sinusoidal, and its value
increases when the speed is varied from 1500 to 3000 rpm. The THD of the source current are 2.69% and
3.52% for speed of 1500 and 3000 rpm , respectively. The stator current waveform in Figure 12(b) has a
THD of 2.52% and 3.04% for speeds 1500 and 3000, respectively.

It is obvious from Figure 13(a) that the value of D is equal to zero at speed of 1500 rpm because of
there is no need to boost voltage (G < 0.866) ,and QZSN will work as a second order filter .When the motor
speed is raised from 1500 to 3000 rpm, the value of D goes up from 0 to 0.107 since the value of required
voltage gain of QZSIMC has become greater than the voltage gain of traditional IMC (G > 0.866) as
demonstrated in the figure 13(b), which is decided by demanded speed. As a result, the dc-link voltage and
output voltage will boost to run the motor at rated speed, as shown in Figure 13(c) and 13(d) , respectively.
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Figure 12. The simulation results for Casel (a) phase-a input current and (b) phase-a output current
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Figure 13. Simulation results for Case 1 (a) shoot through duty ratio, (b) output voltage gain of QZSIMC, (¢)
DC-link voltage and (d) output line voltage

9.2 Case2:

In this case, the motor is run with rated speed of 3000 rpm and loaded with 2 Nm for the first 0.5
second of the period, after 0.5 second the motor load is increased to rated value of 3Nm, as shown in Figure
14 (a). Figure 14 (b) shows a good dynamic response of speed during load change. As can be seen from the
Figure 14(c) that PI controller fixes the magnetizing current at zero because of the permanent magnets, while
the component of the current iq tracks the load torque and has a value which is proportional to the load
torque.
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Figure 14. The simulation results for Case 2 (a) motor speed, (b) motor load torque and (c) id-ig currents

It is clear from Figure 15 (a) that the grid current is in phase with input voltage, hence the input
power factor approximately is unity and the waveform of the source current is sinusoidal with THD of 3.2 %
and 3.4 % at 2 and 3 Nm, respectively. The waveform of output current is shown in Figure 15(b) with a THD
0f 3.06% and 2.67% at 2 and 3 Nm, respectively.

o N N N N N O = W PP S iy AAAD

o MAMAWMAWWWWWEY rsf\f\n&éhhf\f\hﬁﬁrﬁf\hij\ﬁf\d gar ) \/\/\/\f /\/\/;\C\? Y

NI VAYA R VS| Mhmw*.www\mmww IR L“JWI"«”L"W“\":\W\"

= = 5 5 I N
(a) (b)

Figure 15. The simulation results for Case 2 (a) phase-a input current and (b) phase-A output current

The load torque step change causes increment of shoot through duty ratio from 0.107 to 0.14 as
shown in Figure 16(a), since the required voltage gain of the PMSM is increased during load change, as
shown in the Figure 16 (b). That means more energy is needed to the load side, which leads to boost the dc-
link voltage and the output voltage to desired level to meet the new load requirement by the motor, as
shown in Figure 16(c) and 16(d), respectively.
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Figure 16. The simulation results for Case 2 (a) shoot through duty ratio, (b) output voltage gain of QZSIMC
(c) DC-link voltage and (d) output line voltage

9.3 Case 3:

The motor drive system is tested under 40% voltage sag in input voltages from 220/Y3 V to 13273
V through a period of 0.5 second, as shown in the Figure 17(a). This voltage sag would raise the required
voltage gain of the PMSM from 1.1 to 1.7 as shown in the Figure 17(b), which leads increase in the value of
shoot through duty ratio from 0.14 to 0.325 as shown in the Figure 17(c), and consequently the dc-link
voltage will be raised to desired level during voltage sag based on set speed, then regains its original value
after voltage recovery, as clarified in the Figure 17 (d). The output line voltage has the same response of dc-
link voltage as shown in the Figure 17(e).
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Figure 17. Simulation results for Case 3 (a) three-phase input voltage, (b) output voltage gain of QZSIMC
(c) shoot through duty ratio (d) dc-linkVoltage and (e) output line voltage

The speed response in the Figure 18(a) shows that the speed is not affected and remains constant
under 40% voltage sag, and the ripple in torque is increased during voltage sag as shown in the Figure 18(b).

‘m o T T
= “Reference spesd
—Actusl spesd
00
: T 7
E )]
o200 F 30
H
& A 300 ?'_;-'—‘
1000
=1} 250
E 05 06 o7 1 i1 12 : | i
v L : 0 05 5
0 05 15
Time (Sed Time (Sec)
b
@) (b)

Figure 18. Simulation results for Case 3 (a) motor speed and (b) motor load torque

The input current and output current waveforms are shown in the Figure 19(a) and 19(b),
respectively, they have the THD of 6.07% and 4.57% during voltage sag, respectively. The value of the input
current will increase during a period of voltage sag, while the load current amplitude is not affected.
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Figurel9. Simulation results for Case 3 (a) phase-a input current, (b) phase-A output current
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10. CONCLUSION

This paper used three-phase QZSIMC to drive PMSM. The proposed converter had all the features
of the conventional IMC in additional to the boost voltage ability, so the QZSIMC achieved voltage gain
higher than the traditional converters. The input current was in continuous current mode, and the system does
not require additional input filter. For variable speed PMSM drives, the voltage boost is only necessary for
high-speed operation, while low-speed operation doesn't require any boost action. With the proposed control
strategy of QZSIMC for PMSM drives, the simulation results show that the optimal selection of D is
achieved to meet the demanded voltage and validate the performance motor drive under different conditions.
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