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Abstract

In this paper, the vector-controlled Permanent Magnet Synchronous Motor (PMSM) fed by Indirect Matrix Converter (IMC)
is analyzed, designed, and simulated by using the IMC with Carrier Based Pulse Width Modulation (CBPWM). The CBPWM
strategy is based on Space Vector Pulse Width Modulation (SVPWM) analysis, it is used to enhance the input current waveform,
reduce the complexity of switching signals generation, and to solve the commutation problem. The traditional PMSM drive
system is simulated for comparison with proposed drive system. The proposed drive system is compared to the traditional drive
system using the Total Harmonic Distortion (THD). The comparison results show that the proposed drive system outperform
the traditional drive system by THD different of 1/30 of input current and 1/1.5 of stator current, with high input power factor.
KEYWORDS: Permanent Magnet Synchronous Motor, Indirect Matrix Converter, Carrier-Based PWM, Vector Control.

. INTRODUCTION

The PMSM is commonly used nowadays, due to its light
weight, wide speed range operation, small torque ripple, and
low rotational inertia. It is widely used in different applications
like industry, aerospace, agriculture. The motor speed can be
simply controlled with vector control method [1].

The IMC is a direct AC-AC converter, it is a set of controlled
switches, which connects each input to each output directly,
with no need to bulky storage elements. It can provide
approximately current sinusoidal waveform at the input and
output, better input power factor, and allows two-direction
power flow [2]. It is suitable in drive systems with variable
frequency, such as aviation aircraft, wind power generation [3].

The IMC is used to feed PMSM in [3] with SVPWM and
fuzzy Proportional Integral (PI) speed controller, to enhance the
Pl controller performance during the transient response. The
authors in [4] present a method to enhance the IMC voltage
transfer ratio of the PMSM drive system. The method uses
SVPWNM strategy to control the IMC switches, and to enhance
the power factor, by regulating the terminal reactive power and
generating the d-current reference value.

The authors in [5] use a CBPWM method, with fixed slope
triangular signal as a carrier signal, based on SVPWM analysis.
The IMC is implemented to feed three-phase RL-load by using
Digital Signal Processing (DSP) and Complex Programmable
Logic Device. In [6] the authors use the CBPWM method with
carrier signal of symmetrical triangular, to generate rectifier
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and inverter PWM signals. The IMC is implemented to feed
couple three-phase RL-loads by a single three-phase power
supply, to enhance the IMC maximum voltage transfer ratio.

In [7] the CBPWM method is used for three-to-five phase
IMC, the CBPWM method is applied for two stages
independently. The IMC is implemented to feed five-phase RL-
load, by a three-phase power source using DSP controller. A
voltage transfer ratio of IMC is improved by applying the over
modulation mode for each stage. In [8] the authors use the
CBPWM for three-to-five phase IMC, with symmetrical
triangular carrier signal for IMC two stages, The IMC is
implemented to feed five-phase RL-load, by three-phase power
source using DSP controller and Field Programmable Gate
Array.

In this paper, the CBPWM method based on SVPWM
analysis, which is suggested in [5] and [8], is used to control the
IMC switches of the vector controlled PMSM drive system. In
addition, the proposed PMSM drive system performance is
compared to traditional (AC-DC-AC) drive system.

Il. THE INDIRECT MATRIX CONVERTER

The structure of IMC contains two stages, the first stage is a
set of bidirectional switches form the rectifier stage, and the
other stage is a set of unidirectional switches form the inverter
stage, with no energy storage elements between the two stages,
as shown in Fig. 1 [5].
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Table 1 Switching states, duty cycles, input current, and dc-link average voltages for rectifier stage

Input voltage Sector | ON Modulated switches and duty cycles Input current | Average dc-link
phase w;, t switch d d . magnitude voltage (V)
—-1/6..1/6 1 N S, VIV, S, VIV, 214./V3 3V /2v,
/6 .. m/2 2 S, Sip VIV S VIV 21,./V3 —3VZ /2v,
/2. 51/6 3 pr SCn —vC/vb San -va/vb 21,./V3 3VZ/2v,
5m/6 .. T1t/6 4 S, S VIV So VIV, 214 /Y3 —3V&/2v,
7m/6..91/6 5 S S, VIV S, VIV 21,./V3 3VZ /2v,
91/6..11n/6 6 SIDn Sap —va/vb SCp -vC/vb 21,./V3 —3VZ/2v,

The input filter is used to enhance the sinusoidal waveform
of the input current, prevent the overvoltage generation,
improve the input power factor, and to reduce the switching
noise [9],[10]. When a fault occurs at the load, the simple diode
in series with small size capacitor, which form the clamp circuit
is used to absorb the magnetic energy stored in the inductors of
the input filter [11].
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Fig. 1 Three to three phase IMC construction [5]

The SVPWM analysis of the IMC can be divided into two
parts. The first is based on the reference input current space
vectors analysis for the rectifier stage. The second is based on
the reference output voltage space vectors analysis for the
inverter stage [5], the analysis is demonstrated in the following
sections.

A. Rectifier Stage SVPWM Analysis

The input phase voltages for a balanced three-phase grid,
have two conditions which split into six sectors. The input
phase voltages in the first condition are: one is positive and the
rest are negative (sectors 1,3,5). While in the second condition,
input phase voltages are: one is negative and the rest are
positive (sectors 2,4,6) [5] as shown in Fig. 2.

Sector Sector Sectar Sector Sector Sectar Sector

-2 2ms/div

Fig. 2 Input voltage divided into six sectors and the dc-link
voltage (v,.) with its average value (V)

It is assumed that the three-phase grid voltages are given as:

Va = Vi cos(wiyt) (1)
vy, = Vi, cos(wiyt — 21/3) 2
Ve = Vi, cos(wiyt + 21/3) 3

where; Vi, and w;, are represent the input phase voltage
amplitude and angular frequency, respectively.
Table 1 shows the space vectors of the input current, where Idc
represent the dc-link current. It is clear from the table that the
current vectors have six fixed direction, as shown in Fig. 3-a.
There are two adjacent active current vectors chosen to
generate the reference input current vector depending on its
position. As an example, the vector of the reference input
current with 6;, between —mt/6 and /6 laying in sector 1, is
generated by two vectors lab and lac, where these two vectors
represent the connection of input phase a positive pole, to the
input phases b and ¢ negative poles, as shown in Fig. 3-b.

veio T
Fig. 3 The space vector diagram of the rectifier stage
The duty cycles of the two active vectors of sector 1, lab and
lac, are given as dab and dac :
dap = m; sin (/6 — 6;,) 4)
dac = m; sin (8;, + 1/6) ®)
and the other one is the zero vector duty cycle, which means
there is no input voltage applied to dc-link voltage.
do =1—dap —dac (6)
where; m,. is the rectifier stage modulation index, and 8, is the
angle of the vector of the reference input current
The maximum dc-link voltage can be obtained by neglecting
the zero vectors. Therefore, the switching sequence consists of
two active vectors of the current, and their duty cycles are
recalculated and defined as dx and dy, respectively:
dab  _ _ cos(ein—z?n) — W (7

dap+dac - cos(Bjp) N Va

x =
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_ dac  _ cos(ein+z?n) _ V¢ m; = 2 @ (19)

dy = =- =-= ® 7 T

Gab+dac c0s(6in) v d the maximum value of m; is:

From equations above and for one sampling interval, the an pie 1
average value of the dc-link voltage is: Mj(may) = (20)
— 2 . 6 .

Vic = dxVap + dyv,e = %h 9) The voltage transfer ratio of the three to three-phase IMC is
Va

the dc-link voltage V4. and V4., as shown in Fig. 2, are
generated by the rectifier stage control, the V. varies with six
times of the input voltage frequency with respective maximum
and minimum values of [5],[8]:

Vdc(max) = ‘/§ Vin (10)

3Vin

Vac(min) = =+ (11)
Applying the same approach, duty cycles and switching

states of other sectors can be obtained, and all these information

are stated in table 1.

B. Inverter Stage SVPWM Analysis
The desired three-phase output voltage is symmetrical and
displaced by 2m/3, as follow:

Va = Vout Cos(woutt) (12)
Vg = Vout COS("‘)outt - 2“/3) (13)
Ve = Vour €0s(Woyet + 21/3) (14)

where; V. and wg,; represent the output phase voltage
amplitude and angular frequency, respectively.

7001 5 1ot
Fig. 4 Space vector diagram of three-phase inverter
The inverter with three legs has ability to produce the three-

phase voltage, each leg has two switches operated in a
complementary manner, resulting in 2% (8) internal states,
where 0 and 7 states are zero vectors, and the other six states
are active vectors, these vectors are distributed in six sectors, as
shown in Fig. 4. For the reference output voltage V. with
B,ut between 0 and /3, as example, it located in sector 1, the
active vectors that are used to generate this reference output
voltage are V1 and V2, as shown in Fig. 4, with the following
equation:

Vier = d1V1 + d3V; (15)
where; d, and d, are the sector 1 active vectors duty cycles and
they are defined as:

dy = m; sin(/3 ~ 8u) (16)

V3 .
d, =2 m; sin(By,) (17)

and the zero vectors duty cycles are:
do=d; =;(1—d; = dy) (18)

where; 0,,is the reference output voltage angle, and m; is
inverter stage modulation index, it is defined as:

defined as:
= (21)
from equations (11), (19), (20), and (21) the maximum voltage

transfer ratio of the three to three-phase IMC is [8]:

Qinax = >2—= = 0.866 (22)

22 COSE

C. The rectifier and inverter stages Synchronism

In one sampling interval, for rectifier stage there are two
switching states, that produce two line-to-line voltages, which
are converted to dc-link voltage. According to equation (9),
there are two positive line-to-line input voltages, which feed the
three-phase inverter. Therefore, there are two groups of the
inverter stage switching states. The rectifier and inverter stages
switching states should be mixed, to obtain balanced three
phase input current and three-phase output voltage, and their
duty cycles are produced by cross product of the both stages
duty cycles, as shown in Fig. 5 for sector 1:

dl(ab) = dl' dx ; dl(ac) = dl- dy (23)
dz(ab) =d,.dy; d2(ac) = d,. dy (24)
dO(ab) = dop. dy ; dO(ac) = do. dy (25)
d7(ab) =d;.dy; d7(ac) = d7-dy (26)

A Zero dc-link current commutation ‘

S I Switching
Sap I states of
o
Sbn rectifier
en ~I stage
45 4,5
*2 Y2 switchi
Sa - Switching
s states of
| —
B I I ! inverter
Sc L : — 1 1 stage
o | o gy oivio: o
g T8 Z8iSasT ]
© T TO [O0T T

Fig. 5 Switching states for rectifier and inverter switches

For commutation of zero dc-link current in rectifier stage, as
shown in Fig. 5, all currents are zero in rectifier stage, due to
zero vectors applied in inverter stage during the commutation.
The complex multi-step commutation process can be avoided,
and the rectifier stage switching losses can be minimized, due
to commutation of zero dc-link current [8].

I1l. THE CBPWM METHOD

In the analysis of the IMC by the SVPWM method, there are
two modulation methods for rectifier and inverter stages, each
SVPWM needs a complex process, as a selection of effective
vectors and determine their duty cycles, by calculating different
equations independently for both stages, the switching states of
both stages are arranged, to achieve zero dc-link current
commutation and balanced output voltages. Therefore, the
SVPWM needs many calculations and tables to complete the
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process. In order to avoid this complex process, the CBPWM
based on SVPWM analysis is developed, to generate gating
pulses of switches easily for rectifier and inverter stages.

In CBPWM method, the generation of PWM signals is based
on the comparison between the modulation signals and high-
frequency carrier signal. The carrier signal used in generation
of the PWM signals, for rectifier stage and inverter stage, is
symmetrical triangular signal with fixed slope, which described
by:

vt:(Tist—1)Vm;03tg§ @7)
where; Vi, is the amplitude of input phase voltage, and v,is the
instantaneous value of carrier signal.

A. Rectifier stage control

The timing and sequence of modulated switches, for the
sector 1 reference input current vector, and the carrier and
modulation signals, which are required to generate the PWM of
the rectifier stage are shown in Fig. 6.

For half of one sampling interval, T, the period of gating
pulse of switch Sy, is:

T, =dy = (28)
from equations (27) and (28), the rectifier stage modulation
signal is obtained by:

= (Q2d, =1V (29)
S . Switching
Sap 1 ! states of
— s
Sbn rectifier
cn |
T T stage
d,,? dy? .
Sa | witching
s states of
B ; inverter
Sc ] - stage
=] i o oo giol ol o
S 8 881858 S
a
Vjf----mmmmee- O Py V¢
VA1
V, t
VAZ
_Vi i T Tt
e g
Tha : (b)
SA-|I ]
SpoC——1] | —
SA L ]

(c)
Fig. 6 Switching states and generation of PWM for rectifier
and inverter switches (a) Switching states of IMC stages (b)
Carrier and modulation signals (c) Gating pulses of switch A
The gating pulse of switch Sp, (PWMO) is obtained by
intersection the modulation signal, Vn, with the carrier signal,
v,. The gating pulse of switch S¢, (PWML1) is the complement
to switch Spy. And all the other switches, San, Sbp, and Sy are in
off-state. Table 2 shows the gating pulses of rectifier swithes
for six sectors.

B. Inverter stage control

In the traditional three-phase inverter fed by constant dc
voltage, only three modulation signals are used, to compare
with the carrier signal in one sampling interval. For IMC, there

are two values of the dc-link voltage, depending on the voltages
of input source. Therefore, the switching pattern of the inverter
stage consists of two parts with different values, and the
inverter stage switching frequency is twice of the rectifier stage
switching frequency. There are two inverter stage modulation
signals obtained from the duty cycles of the rectifier stage dx
and dy, these signals are compared with respect to the carrier
signal, to generate two pulses.

Table 2 The switching states of rectifier stage

Sector Sap San Shp Stn So Sen
1 1 0 0 PWMO 0 PWM1
2 PWMO 0 PWM1 0 0 1
3 0 PWM1 1 0 0 PWMO
4 0 1 PWMO 0 PWM1 0
5 0 PWMO 0 PWM1 1 0
6 PWM1 0 0 1 PWMO 0

By applying the XNOR function, the upper switch gating
pulse is obtained for each phase of the inverter, and the lower
switch gating pulse is the complement of that the upper. In
sector 1 as an example, the two modulation signals Va1 and Vaz
are determined according to v, and v,., respectively, these
signals are compared with respect to the carrier signal v;, to
obtain two pulses Sai1 and Sa, then the gating pulse of switch
Sa is determined by:

Sa = Sa1-Saz + Sa1-Saz (30)

Fig. 6 shows the generation of the gating pulse of upper
switch of phase-A, the durations Tai and Ta, can be written
according to equations (23-26) as follows:

T
Tar = (d7(ap) + di(ap) + dz(an) + doan) + do(ac)) 5 = (dx +
Ts
do(ac)) By (31)
Ts Ts
Taz = (drap) + datap) + da@an)) 5 = (dx — dogan)) 5 (32)

by substituting the above equations into equation (27), the two
modulation signals Va1 and V. are:

VA+Voffse
var = (—2d, AL 1 )V, (33)
Vap = (de % - dy) Vv, (34)
Where; v, s 5 IS the offset voltage and is given as:
1
Voffset = 3 (va +v¢) (35)

the three equations (33-35) are obtained for reference output
voltage located in sector 1. These equations can be generalized,
to be applied for other reference output voltages, which are
located in any sector, to obtain the switch Sx modulation signals
(X: A, B, C) of inverter stage, as follows:

Vx+Voffse
vx = (-2d, TS 4 ) Vi (36)
Vx4V ffse
vy = (2, 2~ d, )V, (37)
1
Voffset = _E(Umax + Vinin) (38)

where; v, is the fundamental output phase voltage, v,,,4, is the
maximum value of (vy, vg, v¢) , and vy, is the minimum
value of (v, vg, v¢).

Fig. 7 shows the block diagram of the CBPWM for the two
stages of the IMC. The performance of this modulation method
is the same of SVPWM method, because it is based on the
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mathematical analysis of SVPWM, which is clear in the
relationship between the offset voltage in CBPWM and
distribution of zero vectors in SVPWM [6],[8],[5].
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3 . ,
T, = -2 (Aaiq = Aqla) (43)
where; v4 and v, are the stator voltages in d and g axis, i, and

vsa I va 4
. vsh nput vh V.
Grid vsc,!  Filter Ve VB
VALl IMC
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Fig. 8 Block diagram of PMSM drive system
Input Sector i, are the stator currents in d and q axis, A, and A, are the stator
Rectifiorstage T fluxes ind and q axis, L4 and L, are the winding inductances in
T S Vodulation Comparator | b= —3—»?,, d and g axis, 4, is the amplitude of permanent magnet flux
T U signal v, | ST Look up - s linkage, R; is the stator resistance, p is the number of poles, w,
2 calculation :|>’ table (2) —g.shi is the electrical_speed ir_l rad/s. S
eq.(29) i gcp The Mechanical motion equation is given by:
" 9¢n d
——————————————————————————————— To =T, +] =+ Baw, (44)
NN i”“"_’"egica'r"a”g“'a’ where; T, and T, are the electromagnetic torque (developed
[ A/ o TN torque) and load torque, J and B are the inertia moment and
! Inverter Stage Var Comparator |41 i friction factor, and w, is the mechanical speed in rad/s. With
Ve : Vaz Saz | rSa  assumption that L,~L, to get maximum torque and maximum
Vo Ve Ve Modulation gf“ ;"|>- Sp1 ‘ igf‘ efficiency, the developed torque is [13], [1]:
¥ signals LE: Sz roB T = 3p)L . 45
Calculate calculation Vel Sc1 TSk e =355 mlq (45)
oflfset | eq.(3637) | Ve %g_a where; p and A4, are constant values for the unique motor,
(o) 7°¢ while i is the only variable in equation above. Therefore, it is

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 7 Block diagram of the CBPWM method

IV. THE PMSM MODELING

The permanent magnets with high performance and residual
flux, gives a superior performance to the permanent magnet
motors over the other AC motor types [12]. The PMSM
characteristics are wide speed range, light weight, small size,
low rotational inertia, and the torque ripple is lower than the
induction motor and traditional synchronous motor, which
gives it the superior in high-performance applications [1]. The
model of three-phase PMSM can be explained in the following
equations [13]:

., da
vy = Rig + d—td — Wely (39)
Vg = Ryl + 22+ w,Ag (40)
Ad = Ldid + Am (41)
A, = Lyiy (42)

cos@
—sin @

2

3

possible to control the torque as a function of i, .

In vector control method, the three-phase motor currents (a-
b-c) are decoupled, by transforming there to two-phase currents
(d-g), which represent the flux producing and torque
components of stator current, respectively [14].

ig cos(0 —a) cos(6 —2a) ta

[. ] = [ . . ] is | (46)
lq —sin(@ —a) —sin(f — 2a) i
where; 0 is the rotor angle and 0=27/3.

The (d-q) currents are independently compared with their
reference currents, then controlled with Pl controllers, to
achieve the (d-g) voltages. The (d-q) voltages are transformed
back to (a-b-c) reference output voltages, which are utilized to
control the IMC switches, the reference q current is a function
of the speed error and the reference of d current is set to zero
[1]. The speed error is calculated, by comparing the speed of
the motor with the reference speed, and then it is controlled by
the PI controller, to produce the reference q current [14]. Fig. 8
shows the block diagram of the complete PMSM drive system.
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V. SIMULATION RESULTS

In this paper, the implementation of the PMSM drive system
by using MATLAB/Simulink as shown in Fig. 9. The flowchart
of complete Simulink model is shown in appendix-A. The

dq0
abq

P Reference o/p signal
Carrier Signal »{ Carrier Signal o/p phase A
m
i/p signa infol P i/p signal info
ol/p phase B A
phase a |@—a|phase as  phase a [s—ali/p phase a N m
B
phase b [B—&[phase bs  phase b |=—a|i/p phase b S
o/p phase C C
hase c [s—a| shase cs phase c [a—al Jip phase ¢ <w>
-@ P A4 Permanent Magnet
Signal Generator 3 phase input filter IMC Synchronous Machine
Speed
Controller
. s
[—— vd* id <_- w* 4—' Ref. speed 60/(2 pl)
iq” [« i

iq*
G W4

3

P Integrator

430 0 ab & abc [«
q0 to abc —

—‘ abc to dq0

Fig. 9 Simulink model of the proposed system
Table 3 The PMSM drive system parameters

Parameters Data
Three-phase input supply voltage amplitude 220V, f=50 Hz

Input filter Cs=2F, L+=2.85mH

Carrier signal

220 V, =5 kHz

Parameters of motor [3]

Rs=0.9585Q, L4= Lq =5.25mH, Pole pairs=4, Full load=6N.m
flux linkage= 0.1827Whb, J=6329x1077 kg.m?, B=3035x10"7 N.m.s

PI controllers parameters

Speed controller: kps=0.25, kis=1.4
d-current controller: kpa=1, kig=25, g-current controller: kpq=1, Kig=25

L
(i

B

c

A Fridetailed
b uoltg@
] WVabo ates
ll‘.‘dc Bus
+ SW Madulator Gates ph. A
phase a [@—a|phasea . s stromres. ph. B
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Ref. spaed

(60/(2*pi))

(dqO to abe)

<0
i

Currents Controllers
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{1

abo
dq -

{abc to dqi)

Fig. 10 Simulink model of traditional PMSM drive system

PMSM is simulated by using Permanent Magnet Synchronous
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Machine block, this block is used in motor mode, three-phase
sinusoidal model.

The parameters of the PMSM and other drive sys-tem
components are stated in table 3.

Fig. 10 shows the Simulink model of traditional PMSM drive
system, with SVPWM to control the inverter switches. This
system is used to compare with the performance of the proposed
drive system. This comparison is concentrated about the

IJEEE -2

performance of the converters, including input and output
current waveforms, THD, and the input power factor.

The traditional system is tested under fixed speed with
variable load, the speed is set at 750 r.p.m. The load is
increased from 2 to 4N.m and from 4 to 6N.m at times of 4 and
6.5 second, respectively.
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Fig. 11 The phase-a input current and voltage of traditional drive system under variable load operation
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Fig. 13 The phase-a input current and voltage of traditional drive system under fixed load operation
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The input current waveform is shown in Fig. 11, the This system is tested again under fixed load with variable
commutation of phases causes high distortion to the input  speed, the load is set at 6N.m with speed is 250 r.p.m, then the
current with THD of 326.99%, 305.54%, and 289.41% for loads ~ speed is increased to 500 r.p.m at time of 5 second, and then it
of 2, 4, and 6N.m, respectively. The stator current waveform in is increased to 750 r.p.m at time of 10 second.

Fig. 12 has a THD of 16.34%, 8.45%, and 5.77% for loads of The input current waveform is shown in Fig. 13, the THD of
2, 4, and 6N.m, respectively. the input current is 321.83%, 303.55%, and 289.41% for speeds
Stator current
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Fig. 14 The phase-A stator current of traditional drive system under fixed load operation
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Fig. 15 The speed response of the proposed drive system under variable load operation
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Fig. 16 The phase-a input current and voltage of the proposed drive system under variable load operation
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of 250, 500, and 750 r.p.m, respectively. The stator current
waveform in Fig. 14 has a THD of 3.15%, 4.56% and 5.77%
speeds of 250, 500, and 750 r.p.m, respectively.

The proposed system is tested under fixed speed with
variable load, the speed is set at 750 r.p.m, the rising of speed
response in Fig. 15 is identical to the reference speed. The load
is increased from 2 to 4N.m and from 4 to 6N.m at times of 4
and 6.5 second, respectively, the speed response shows
disturbance with downshoot of 4.4667% and 4.6667%,
overshoot of 0.6667% and 0.7333%, respectively, and
stabilizes after 0.55 second for both, the peck-to-peak steady
state ripple in speed is seen to be 0.1520%, 1.0667%, and
0.3400% for loads of 2, 4, and 6 N.m, respectively.

The input current waveform is shown in Fig. 16 using of the
IMC improves the input current waveform. The input current is
approximately sinusoidal waveform with small distortion, the
phase shift between the input current and voltage is very small.
The THD of the input current is 10.83%, 10.21%, and 9.77%
with input power factor of 0.9704, 0.9930, and 0.9949 for loads
of 2, 4, and 6N.m, respectively. The stator current waveform is
shown in Fig. 17, it has a THD of 10.04%, 6.09%, and 3.56%
for loads of 2, 4, and 6N.m, respectively.

This system is tested again under fixed load with variable

speed. The load is set at 6N.m with speed is 250 r.p.m, then the
speed is increased to 500 r.p.m at time of 5 second, and then it
is increased to 750 r.p.m at time of 10 second.
The rising of speed response in Fig. 18 is identical to the
reference speed at all speeds. The peck-to-peak steady state
ripple in speed is seen to be 0.1200%, 0.2800%, and 0.3400%
for speeds of 250, 500, and 750 r.p.m, respectively.

The input current waveform is shown in Fig. 19, the THD of
the input current is 10.68%, 10.12%, and 9.77% with input
power factor of 0.9799, 0.9948, and 0.9949 for speeds of 250,
500, and 750 r.p.m, respectively. The stator current waveform
is shown in Fig. 20, it has a THD of 1.68%, 3.46%, and 3.56%
for speeds of 250, 500, and 750 r.p.m, respectively.

V1. CONCLUSIONS

The performance of IMC for proposed PMSM drive system
is compared with the performance of the traditional AC-DC-
AC converter and the following conclusions are outcome:

1. The IMC enhances the input current waveform and reduces
the THD. The current waveform is closed to sinusoidal
waveform, with THD less than 11%.

2. As comparison, the THD of the input current by using IMC,
is approximately 1/30 of it, by using traditional converter, under
the same operation conditions.

3. The input power factor by using the IMC is approximated to
be unity.

4. The CBPWM method reduces the complexity of the
SVPWM method, and solves the commutation problem, by
suitable dealing with zero-vectors, depending on SVPWM
analysis.
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Fig. 17 The phase-A stator current of the proposed drive system under variable load operation
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Fig. 18 The speed response of the proposed drive system under fixed load operation
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Fig. 19 The phase-a input current and voltage of the IMC-PI drive system under fixed load operation
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Fig. 20 The phase-A stator current of the IMC-PI drive system under fixed load operation
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Appendix-A The flowchart of complete Simulink model of proposed system
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