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Abstract

Design studies of the most suitable controller for the speed of induction motor (SIM) and peak
DC-link voltage (PDV) of high performance z-source inverter (HP-ZSI) greatly affects performance of
hybrid electric vehicles. This paper is to give comprehensive analyses comparison and evaluations of the
different control techniques as PI controller, self-tuning fuzzy Pl controller (SFP) and genetic algorithms
optimal tuning gains of the Pl controller for controlling the SIM based on criteria of the integral of the
absolute value of speed error (IAE). With control PDV, this paper also presents comparisons of the
different techniques as PI controller, fuzzy logic controller, SFP based on observation of its response and
total harmonic distortion of current. All methods are applied to the closed loop of the SIM which relies on
direct torque control combined with modified space vector modulation and closed loop of PDV in HP-ZSI.
These methods are verified by Matlab software.
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1. Introduction

The z-source inverters (ZSl) is a power electronic converter with many advantages such
as buck-boost characteristics, lower cost, and especially high efficiency compared to traditional
DC-DC converter [1, 2]. In addition, ZSI can be overcome drawbacks in the conventional
voltage source inverter (VSI) such as the maximum output voltage can exceed the DC bus
voltage, the two switches of any phase leg can be gated at the same time which does not affect
the short circuit situation and destroy the inverter [3]. As a more sophisticated design of ZSlI, the
HP-ZSI copes with DC-link voltage (DCV) drops for a wide range of load even using a small
inductor while design guarantee is a simple. Thus, HP-ZSI is more suitable for hybrid electric
vehicles (HEV) applications [4, 5].

In HEV drive systems, the control requirements are very high and stringent as well as
fast torque response, low torque ripple at steady state, high accuracy, wide speed range, and
high torque at low speed. It is really challenging to meet all of these requirements by using
traditional control methods of induction motor (IM) such as: voltage/hezt, field oriented control
and traditional direct torque control (DTC), but the traditional DTC combined with space vector
modulation (DTC-SVM) scheme can succeed in [6-8]. In addition, DTC combined with modified
space vector modulation (MSVM) which is called DTC-MSVM. Among them, MSVM base on
SVM which the shoot-through state (STS) is used to insert within the switching pattern of SVM.
The STS is applied to control DCV of the HP-ZSI [6, 9, 10].

The DCV of HP-ZSI is in square waveform, the relationship between the PDV (v;) and

the capacitor voltages are the nonlinear [3, 11]. Consequently, the average value of the DCV (
V, ) be controlled by controlling the PDV value. In recent years, some studies have proposed as

PI1 controller and neural network controller which are used to control PDV of the HP-ZSI [10-13].
However, these control methods contain some inherent drawbacks such as slowness in
adapting plant parameters, high total harmonic distortion of current, increase the voltage stress
across the switching and transient response of PDV are not good while the DC-input voltage
(DIV) suddenly changes [5]. Therefore, studies design of the most suitable controller for PDV is
very important in the HP-ZSI system.

Received February 21, 2013; Revised March 14, 2013; Accepted April 7, 2013



TELKOMNIKA e-ISSN: 2087-278X H 2913

In nonlinear systems, the operating system parameters are always continuous variation
and uncertainties such as parameters of the induction motor, external load disturbance, DIV.
Fixed gains of conventional PI controller is not suitable with the required high performance of
drive systems [14-17]. Hence, the intelligent control techniques such as fuzzy logic controller
(FLC), SFP, genetic algorithms optimal tuning gains of the Pl controller (GAs-PI) will promise for
this system.

FLC is often used to cope with continuous variation of parameters of nonlinear systems
and do not rely on any mathematical models of drive systems which it is still robust control and
adapt to the parameter uncertainties of systems based on human knowledge [21]. Thus, many
studies have proposed FLC for controlling PDV in HP-ZSI [22]. Especially, FLC is also used to
adjust on-line the gains of the PI controller which is called SFP for controlling the PDV [6] and
controlling the SIM [6, 25, 26] respectively. However, these controllers have been separately
studied in some papers that they did not have a comparison between those controllers with
each other to select the most suitable controller for the PDV and SIM.

GAs has been widely used in control industrial applications [17]. GAs is a stochastic
global optimization search technique based on the principles of natural selection and genetics
[27, 29]. Also, this algorithm has been applied successfully to solve complex optimization
problems which it does not need the derivative of the fitness function [27]. The GAs strategy in
nonlinear control systems is to determine the parameters of controllers base on the minimization
of a fitness function. GAs is proposed to optimize the FLC to increase accuracy, fast
convergence and maintain the stability of complex nonlinear systems [27]. In addition, this
method was also applied to determine the gains of the conventional Pl controller in applications
AC drive [17, 29]. However, in order to tune gains of the Pl controller on-line, the rate of the
microcontroller and the convergence rate of GAs must be required very high.

Despite many studies proposed new controllers are based on adaptive intelligent
control technique to cope with continuous variation and uncertainties of parameters in the SIM
and PDV of the DTC-MSVM scheme. However, these control techniques have been separately
studied in some papers that they did not show a comparison between those control techniques
with each other. The aim of this paper is to give a comprehensive analysis comparison and
evaluations of the different control strategies such as Pl controller, SFP and GAs-PI for
controlling the SIM which based on performance criteria as IAE. With control of the PDV, this
paper also presents a comparison of the different control techniques such as PI controller, SFP,
FLC which based on observation of its response and total harmonic distortion of current. All
methods are applied to a closed loop of the SIM and PDV which relies on DTC-MSVM scheme.
These methods are verified in simulation implementation using Matlab software.

2. Analysis Induction Motor Model, DTC-MSVM Scheme and HP-ZSI

2.1. Analysis Induction Motor Model
The corresponding stationary frame equations [31] can be derived easily as follows:
Stator Voltage:

d (qus

qus = Rsldqs + dt

(1)
Rotor voltage:

d
O = Rridqr + % * O)r(pdqr (2)

Stator flux:

(qus = Llsidqs + I‘m (qus + idqr) (3)
Rotor flux:

(qur = Llsidqr + I-m (idqs + idqr) (4)
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Mechanical:
3p . .
Te = EE((pdslqs _(pqslds) (5)
Te _TI :‘]mE%—FBmmr (6)
p dt

Where:
Vags = Vas: Vs = d-axis;q-axis stator voltages. iy, =iy;i,, = d-axis ; g-axis stator currents

Pygs = Pys» @y =d-axis; g-axis rotor flux linkages. T,;T, = The electromagnetic torque; load torque

2.2. The DTC-MSVM Scheme
a) MSVM: The SVM method has been widely used in regulating PWM inverter due to a high
modulation index and low harmonics of current [10]. In addition, with HP-ZSI scheme, the STS
should be inserted period intervals of SVM which are called MSVM. The MSVM principle is also
based on switching patterns of SVM [12]. Especially, the STS of MSVM are applied to solve
problems such as boost-buck DC-link voltage of the HP-ZSI. They reduce the common voltage,
not requiring dead-time protection short circuit at two switches to any of the same phase legs [3,
9.

In switching patterns of MSVM are included three zero vectors as V,, V, and the third
zero vector is STS. Where V,to V, are the six active vectors in Figure 1a. The V,, rotates

ref
around sectors of hexagon (from 1 to 6) that V_ and V, are edges of the hexagon, where (a,b) =
(1,2); (2,3); (3,4); (4,5); (5,6) in every sector as shown in Figure 1a, respectively. Therefore, in a
sampling intervalV, , V, are combined with T,, T, to calculate V, as shown in (7) and Figure 1a

ref

and b, respectively. The shoot-through time (T, ) are calculated as T, =T,-T,, where

T, =T, —(T,+T,+T,) Figure 1c). Consequently, from (7), the reference voltage vector (V,, )
can be given by:

Vit =VaT, +VT, (7)

AN .sm(z_ﬁj (8)
Vi 8

T, = \/g'V;ef Ty .sin(B) )
Vi

Where B is the angle between the reference voltage vector V,, and voltage vector V,, Viis the

PDV.

ref

In the MSVM, in a half switching cycle (T, /2)as shown in Figure 1c), three equal-
interval (3x2T /3) STS will be assigned within two null intervals and within central of two active

states. The STS can be assigned per switching cycle but the active interval T,, T, are also kept

unchanged. Therefore, the STS does not affect to SVM features of the inverter and the shoot-
through time (T, )is limited by (T, /2)as shown in (11) and Figure 1c). In the switching cycle

(Tsf) included six equal-interval (6x2T /3) STS. Hence, the shoot-through time (T,) and T are
determined by (10).

T =62 471 57T (10)
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And from [32] we have:

o<d0:Ti<%—>o<T <= (11)

Where d, is shoot through duty. From (10) and (11) we have:

T
f
0<T<— (12)
8
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Therefore, the DCV is regulated by controlling the PDV across the inverter bridge which
have to base on the limited time T.
b) DTC-MSVM scheme: The conventional DTC combined with the modified space vector
modulation(DTC-MSVM) provided constant inverter switching frequency, achieved optimal
harmonic current performance, low torque ripple compared to the traditional DTC scheme [5, 6].
The DTC-MSVM features are also the same with the DTC-SVM features such as: fast torque
response, low current distortion, high performance dynamic characteristics and accuracy.
Especially, the DTC-MSVM scheme as shown in Figure 2a, the value of PDV should be
controlled by regulating d, as shown in (11) and capacitor voltage of HP-ZSI while DIV change
suddenly. The PDV should be controlled well so that it does not affect to quality control of SIM,

the torque of the motor and increases robustness of drive systems [5, 11, 22]. Therefore, the
DTC-MSVM scheme is the best candidate for HEV applications.
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2.3. Analysis of the HP-ZSI Network Modeling
To design control algorithms for controlling the PDV of HP-ZSI, we have to know a
proper dynamic model of the HP-ZSI. The open-loop transfer function in s-plane ¢ () of the

shoot-through duty ratio (d,)to PDV (\7i) is given in [5, 33] and Figure 2c, where the load is IM
and G, (s) are given in (13), Where \7i(s) is PDV in the s-plane, d,(s) is shoot through duty in

Vied
s-plane. And where Vi, Vi, I I, L; R;;L ;C ;Do are DIV, HP-ZSI capacitor voltage, steady state
values of inductor current, IM current, IM inductance, IM resistance, HP-ZSI inductance, HP-ZSI
capacitance, capacitor voltage and the shoot-through duty cycle at certain operating point,
respectively.

6 (90 | (LS (2 )RLAI- B2V, L1202 )L TR (43
Vi dy(s) LLGs'+RLCs 4| 2L(1-2D,)" +1,(1-20,)"[s+R (1-20,)

3. Intelligent Controller Design Strategies for PDV and SIM, Stator Flux and
Electromagnetic Torque Controller
3.1. Speed of the Induction Motor Controllers

In closed-loop speed control of the IM is shown in Figure 2a) and b) which contain the
open loop transfer function of the electromagnetic torque in s-plane as (G, (s)) [6, 34]. This

transfer function is calculated by the electromagnetic torque (T,(s))divides the g-axis stator
voltage (V,(s)) as shown in (14):

T.(s) S+ A,
G (8)=y )" 1B saC (14)
s (8) s°+Bs+Cy
2
3p°K,L
Where: A, = KlLf; B, RSLr+R,LS; C :p”¢, o=LL -2
¢ c ¢ o ¢ 2J,0 rteoom

Figure 2a and b and from (14) show that due to the influence of temperature while the

DTC-MSVM operates, IM parameters are continuous variation and uncertainties or unknown
parameters of this system. Therefore, adaptive intelligent control techniques such as SFP, GAs-
PI will be the most suitable for features of this system.
a) Self-tuning fuzzy PI controller (SFP): When the performances of DTC-MSVM drive, its
parameters are always variable on-line. If the gains of conventional Pl controller are fixed, the
output response will not satisfy with the varying uncertainty of IM parameters or structure is
variable. Consequently, FLC is used to tune gains of the traditional PI controller on-line as
shown in Figure 3a which is the most suitable for the requirements of this system.

In this control method, input signal of the FLC is the speed error (e, ) and a derivative of
the speed error (de,). Every input of the FLC has five triangular membership functions (TMF)
with overlap and equal width. Each output of the FLC (AK,, AK;)) has four TMF and 25 fuzzy
rules which are shown in Figure 3b) and c), respectively. Moreover, these outputs are used to
tune gains of the Pl controller (K,, Kj) on-line which base on a set of fuzzy rules to maintain
precise speed control of the IM.

Figure 4 shows flow chart of SFP algorithm to tune gains value of the PI controller (K,
K;) on-line which base on [5, 6]:

If n =0, the gain of the PI controller is taken as:

K, (0) =23, &, — B, =0.47
K, (0)=J o (252 1) =1.26
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Where J,, = O.O2(kg.m2), B, =0.005752(N.m.s), £ = 0.8 and w,= 15(rad/s) are inertia,

friction factor, the desired damping and dynamic response, respectively.
Else if n > 0, the gains of the PI controller is calculated as:

{Kp(n)zKp(n_1)+AKp(n) (16)
K; (n)=K;(n-1)+AK;(n)

Where n is a sample time n-th. Thus, the speed response of the IM is improved,
decrease total harmonic distortion (THD) of current, increase robustness of the SIM and
increase performance of the drive system.

b) Genetic algorithms optimal tuning gains of the Pl controller (GAs-PI): GAs is a

stochastic global adaptive search optimization technique based on the mechanisms of natural

selection where stronger individuals are likely the winners in a competing environment [27]. GAs

has been widely recognized as an effective and efficient technique to solve optimization

problems [16]. Especially, GAs is better than compared to other optimization techniques as

avoiding local minima, does not require derivative information which is an ordinary aspect of

nonlinear systems [17, 29]. The steps of GAs might consist of the following:

e GAs starts with an initial population containing a number of individuals (or chromosomes)

¢ Evaluate the fitness value for each individual in the population

¢ Repeat the following steps as genetic Selection, Crossover and Mutation until n offspring
have been created

1. Selection: Individuals of the initial population are selected for reproduction with probability
proportional to their fitness value. The purpose of the selection is to obtain a mating pool
that the fittest individuals are selected according to a probabilistic rule. These individuals
become a parent to be mated into the new population that is better than old population.

2. Crossover: Then the selection stage is a genetic crossover operation which is
implemented between parent pairs. These parent pairs are randomly chosen from the
mating pool to generate new individuals that obtain good features from their parents. The
crossover operation can be a one-point or multi-point crossover and this operation is
implemented with a crossover probability (p,)
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Figure 4. Flow Chart of SFP Algorithm Figure 5. Flow Chart of GAs

3. Mutation: After the crossover operation is genetic mutation which performs a change in
the offspring bit string to produce new individuals. These changes in the offspring bit
string may represent a solution of the problem and at the same time to avoid the
population falling into a local optimal point. This mutation operation is implemented with a
low mutation probability (p, ) which is often to preserve good chromosomes.
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e Evaluate again fithess value for each individual in the population to replace the current
population into the new population.

e The algorithm stops when is satisfactory constrain conditions to reach the best individuals.
Unless these conditions are satisfied, this algorithm has to return to step 2 for the next
generation.

The application of these five basic steps allows the creation of new individuals that can
be better than their parents. This algorithm is repeated for many generations and finally stops
when is satisfactory constrain conditions to reach the best individuals which may achieve an
optimum solution [16, 17, 27, 29]. Flow chart of the GAs is shown in Figure 5.

GAs effectiveness of search optimization technique of nonlinear systems, it can be
applied to tune the gains of the PI controller to cope with the nonlinearities and uncertainties of
parameters existing in speed control of induction motor. In this GAs, the fitness function (or cost
function) is used to evaluate the individuals of each generation and this function can be chosen
to be integral to the absolute value of the error (IAE) [17, 27]. The mathematical expression of
this function is given as:

IAE = j|e(t)|dt (17)

GAs is used to tune gains of the PI controller which is abbreviated as GAs-PI.
Furthermore, GAs is used to look for gains of the Pl speed controller which minimize the cost
function (IAE). Individuals make low IAE then these individuals are considered as the fittest.
This cost function has the advantage of avoiding cancellation of positive and negative errors so
it is used as the GAs evolution criteria. Each individual represents a solution for the Pl speed
controller gains and hence it consists of two genes: the first one is the K, value and the second

is the K;value: the individual vector is [K, K;]. Due to the GAs is fast convergence, the range

of these gains must be specified by sisotool of matlab software. The GAs parameters for the
tuning of the PI speed controller gains are shown in Table 1.

c¢) Pl speed controller: The PI controller is used to control of SIM. This PI controller is designed
according to the equation (15) and [5, 6].

3.2. Peak DC-link Voltage (PDV) Controllers

a) Fuzzy logic controller (FLC): FLC has been widely used in the field of industrial control
systems because it does not require a mathematical model of the control system and easy to
implement. Especially, this controller can cope with variation of DIV in the DTC-MSVM drive
system [17], [22], [31]. Thus, FLC will be suitable for this system.

Table 1. GAs Parameters Table 4. Comparison among Control Methods

GAs property Value/method Speed control methods SFP GAs-PI Pl
Number of generations 10 Starting transient performance Good Excellent Poor
Number of chromosomes in each generation 5 Normal operating conditions ~ Very good Good Poor
Number of genes in each chromosome 2 Stator resistance variation Very good Good Poor
Selection method linear ranking selection  oad torque disturbance Excellent Very good Poor
Crossover method BLX-a Steady-state performance Excellent Very good Good
Crossover probability 0.9 Computational effort High High  Low
Mutation rate 0.1

FLC has also been used to control PDV in HP-ZSI which its structure is Pl type FLC as
shown in [35] and the number of fuzzy sets for the PI type FLC structure has been determined
experimentally using the measured PDV response.

Following to the fuzzy structure, it includes three blocks generally there are:
fuzzification, fuzzy inference engine that generates the fuzzy rules, a defuzzification block. The
aggregation and defuzzification are used centroid method and max-min, respectively [17, 31,
36]. The PI type FLC structure is chosen in this case which shown in Figure 6a), two inputs are
the PDV error (e,) and derivative of the PDV error (de,) . Also, one output signal of the FLC is
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integrated to get the value of the the shoot-through duty ratio (dy) as shown in Figure 6a). Each
input, output of the Pl type FLC has seven TMF with an overlap and equal width. Thus, the
linguistic variable levels of them are assigned to seven levels such as NB= negative big; NM=
negative middle; NS= negative small; Z= zero; PS= positive small; PM= positive middle; PB=
positive big which is given in Figure 6b and as shown in [17, 22, 31]. Figure 6¢ shows fuzzy
rules with 49 rules which it can be acquired from observation of reference speed tracking ability
at different operating points.

The scaling factors K, K> and K, are also determined experimentally by the observation
of PDV response. These factors are used to normalize inputs (e,, de,) and output (do) are well
adapted to the range [-10 10] for any operating point [17, 22, 31]. In this paper, the value of
scaling factors is calculated to operate Pl type FLC as K; = 1, K, = 0.0015 and K, = 10.

b) Self-tuning fuzzy Pl controller (SFP): The implementation steps of this method are also the
same section 3.1.a. Due to the DIV often changes continuously over time, the best solution to
this problem is to update the gains of the Pl controller on-line base on a set of fuzzy rules to
maintain precise of PDV in ZSl. Based on observation of reference PDV tracking ability at
different operating points to design member function and fuzzy rules. Therefore, each output of
the FLC (AK,, AK)) has four TMF and 25 fuzzy rules which are shown in Figure 7a and b. The
flow chart of SFP algorithm is also shown in Figure 4.

c) PI controller: The PI controller is used to control of PDV in HP-ZSI. This Pl controller is
designed using the equation (13) combined with the sisotool of Matlab software [6].

3.3. Electromagnetic Torque and Stator Flux Controller

In DTC-MSVM scheme, The transfer function of electromagnetic torque and stator flux
are given in [5, 6] and [37, 38] is shown in Figure 2a and b. The PI controller is also used to
control electromagnetic torque and stator flux. These controllers are designed using the
Equation (14) combined with the sisotool of Matlab software.

4. Simulation Results

In order to analyse comparison and evaluations for affecting of the stator resistance and
load torque variation to the quality of the speed response as well as the performance of DTC-
MSVM drive under the different speed control strategies as SFP, GAs-PI, Pl controller. Stator
resistance and load torque are chosen for this affecting because the performance of the DTC-
MSVM drive is greatly affected by the variation of these parameters. Moreover, when the DIV
suddenly changes, the quality of the PDV response and total harmonic distortion will greatly be
affected. Hence, this paper also presents comparisons of the different techniques for controlling
PDV such as FLC, SFP, PI controller. These comparisons are simulated by using Matlab
software. We chose squirrel cage IM and the DTC-MSVM parameters is given in Table 2.

Figure 8a shows the electromagnetic torque (T,) always tracks the load torque (T.) and
ripple of the electromagnetic torque is very small. Also, when the load torque is continuous
variation from t=0s to {=3s, the speed response of IM under the different techniques as PI
controller (blue-line), SFP (red-line) and GAs-PI (black-line) are shown in Figure 8b. The IM is
started under unload operating condition at time from { = Os to =0.1s.

K Ad, d, MIN PM .
a) . 1 /XX\ n e |[NBINM NS|ZE| PS|PM|PB dee NB|IN | Z P | PB dﬁe NB 7 PR

N P
ja O|nins |Ns|ze|ps [pm|pr PR
- : NB| — |PB|PB|PB | — NB|Z |N|NB|N | Z
’ =] T S 7E PSP o (NMNM| NS| ZE| PS [PM|PB|PB
. NS [NM| NSNS | ZE | ps [pM| PB N | —|PM| P|Z ") NI PIZINZ Pc]
u_s)s ZE INM|NM| NS| ZE | PS |PM|PM Z | —|PM| Z |PM| — Z|PB| P P | PB
PS [NB|NM| NS| ZE | PS | PS [PM .
Pl—|z|P|pMm|- PlP|lz|N|Z]|P
0 i PM |NB|NB [NM]| NS|ZE | P [PM
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Figure 6. Block Diagram of the PI-Type FLC a) Figure 7. Fuzzy Rules of AK, a) and AK; b)
Two Inputs (e,), (de,)and One Output (do) MF of SFP Algorithm

of the PI-Type FLC b) PI-Type FLC Rules c)
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The starting transient performance of the IM under three different techniques is shown
in Figure 9a. The speed reference (wr) is 1490rpm, GAs-Pl shows a speed overshoot of 2.6%
compared to 4.7% and 6.2% of the SFP and PI controller, respectively. Moreover, the settling
time with the limited of steady-state speed error percentage (e, % < 0.16%). The GAs-Pl, SFP
and PI controller show settling time as 0.12s, 0.23s and 0.15s, respectively. The GAs-Pl shows
the smallest settling time in three speed control strategies. Hence, during starting of induction
motor, the GAs-Pl shows the best transient response compared to SFP and PI controller.

Under normal operating conditions at the time, from t = 0.1s to t = 0.75s, the normal
load torque is 18N.m. as given in Figure 9b which shows the speed response of the different
techniques. When the stator resistance of IM suddenly changes as a step increase of 50% at f =
0.75s, speed responses of the GAs-PI, SFP and PI controller show speed drops to 1488.6rmp,
1487.2 rmp and 1486.7rmp then are corrected back to their demanded value (1490rmp) after
0.05s, 0.025s and 0.15s, respectively. Results show that the GAs-Pl has the lowest speed
drops compared to SFP and PI controller. However, the SFP shows the smallest settling time
compared to GAs-PI and PI controller.

When the load torque suddenly reduces from 18N.m to 13N.m at t=1s as shown in
Figure 8a, the speed response under the different control strategies is shown in Figure 9c. At
t=1s, the GAs-PI, SFP and PI controller show speed shot to 1496.4rmp, 1502.2rmp and
1503.8rmp then are adjusted back to their demanded value (1490 rmp) after 0.2s, 0.05s and
0.21s, respectively, as shown in Figure 9c. Also, when the load torque suddenly reduces from
13N.m to 8N.m at t=2s, the speed response is shown in Figure 9d) which is similar to the case
of the speed response at t=1s, as shown in Figure 9c. The GAs-P| shows the lowest speed shot
compared to SFP and PI controller but the SFP shows the smallest settling time compared to
GAs-Pl and PI controller. Therefore, in order to evaluate which control methods are the most
suitable for the DTC-MSVM scheme, we have to calculate cost function (IAE) as shown in (17).
This calculation is based on the speed error of the IM.

The DIV can battery or fuel cell which is used to make voltage source to supply the
DTC-MSVM drive system. Consequently, the purpose of improving the response of PDV is to
increase output voltage stabilization in HP-ZSI, decrease phase current harmonic spectrum in
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order to improve the performance of the DTC-MSVM drive system [11], [22]. Figure 10a) shows
characteristic assumed of the DIV. Also, Figure 10b) shows the PDV response under the
different techniques. Where the value of PDV reference (\7Hef) is chosen as 560V, the FLC

(black-line), SFP (red-line) and PI controller (blue-line) are shown in Figure 10b) and transient
response of PDV under these control methods is similar.

Table 2. Parameters Used for Simulation of DTC- £ ; ! ! !

MSVM ) e oo oo oo 1
Parameter Value %"45" A A i A Ta)
Z-source inductance (L1 and L,) (mH) 0.4 ol Rt B A 1
Z-source capacitance (Cs and C,) (mF) 0.5 420 e Y 7
Nominal power (P,) (W), voltage (V) (V) 3760; 400 Vol L i .
Frequency (f,) (Hz) 50 , , = ; =
Stator resistance (Rs) (Q) 1.115; 1.6 at t=0.75s ] e e 1
Rotor resistance (R)) (Q) 1.083 et S A R I
Stator (Ls); rotor (L) inductance (H) 0.006;0.006 %;m N P ‘_*—'-‘f____ e
Magnetizing inductance (Lm) (H) 0.2037 4 P WHRSFET W FLC —
Switching frequency (fyt ) (kHz) 10 42301 : 5 5 : : ®)
Pole pairs (p) 2 : ' '
Inertia (Jy) (kg.m?) 2*102 :
Friction factor (By) (N.m.s) 5.752*10° |
DC-link peak voltage(V i_r )(V) 560 ; Uis 1 155 i 5 .
DC input voltage (Vi) (V) 500, t=0s; 450, t=1s; 400, =25 ' Time (5) '
Speed motor (a,__) (rpm) 1490 Figure 10. DIV Decrease 10% at 1s and
load torque (T,) (N.m) 18, t=0.1s: 13, t=1s: 8, t=25 Continue Decrease 10% at 2s a) PDV

Response Due to DIV Change b)

When the DIV suddenly reduces from 500V to 450V at =1s, the FLC shows the PDV
response tracks the PDV reference with good but the SFP and PI controller show PDV drops to
538V and 530V then are adjusted back to their demanded value (560V) after 0.15s, 0.25s,
respectively, as shown in Figure 10b. Moreover, when the DIV suddenly reduces from 450V to
400V at t=2s as shown in Figure 10a, the FLC also shows the PDV response always tracks the
PDV reference. However, the SFP and PI controller show PDV drops to 536V and 522V then
are adjusted back to their demanded value (560V) after 0.17s, 0.27s, respectively, as shown in
Figure 10b. Results from Figure 10b show that the PDV is controlled by FLC which is the most
robust against variation of DIV compared to the SFP and PI controller.

Figure 11 shows total harmonic distortion of current (THD%) under the different control
strategies. From analysis as shown Figure 9, the SFP and GAs-PI is used to control the SIM
which are better than PI controller. Assume that the SIM is controlled by the GAs-PI, in order to
give a comparison of total harmonic distortion of current (THD%) under three control techniques
for the PDV such as PI controller, SFP and FLC. If the PI controller is used to control the PDV
and the GAs-Pl is used for controlling the SIM, the combined of the two strategies is
abbreviated as PI-GAsPI| which has (blue-line) as shown in Figure 11. Similar as analysis
above, there are SFP-GAsPI (red-line) and FLC-GAsPI (black-line) which are shown as in
Figure 11. Results from Figure 11 shows that the FLC-GAsPI has the lowest THD% = 3.38%
compared to the SFP-GAsPI THD% = 3.64% and PI-GAsPI THD% = 4.57%. Therefore, FLC is
the most suitable for controlling PDV in HP-ZSI| of DTC-MSVM scheme.

In order to give a clear concept of the performance index of the different control
strategies, the IAE is used to calculate for each technique during three stages as normal
operating conditions, load torque variation and stator resistance variation. During these stages,
FLC is chosen to control PDV. Moreover, the SIM is controlled by GAs-PI (black-line), SFP (red-
line), Pl controller (blue-line) as shown in Figure 12 a, b, ¢, d and e.

During normal operating conditions, from =0s to =0.75s, GAs-PI shows the lowest IAE
value compared to SFP and PI controller. During stator resistance variation, from {=0.75s to
t=1s and normal load torque is 18N.m, SFP shows the lowest IAE value compared to GAs-PI
and PI controller as shown in Figure 12b. When the load torque suddenly changes from 18N.m
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to 13N.m takes place at t=1s and the load torque suddenly also reduces from 13N.m to 8N.m at
t=2s, SFP also shows the lowest IAE value compared to GAs-PI and PI controller, as shown in

3 T
= PrGAdsPl —
= Fundamental (SOH=z)=5_ 445 A  THIDD=—4_ S 7%
—g 281 SFP GAsPT—— N
E Fundamental (SOH=z)=5_47 A THD=—3_.64%a
= =zt O GA ST -
= Fundamental (SO0H=)=5_483 A THID=—3 38 %0
Ehufj
=15 ]

1

0.5
a

o} S50 100 150 200 250 300 350 400 450
Frequency (H=z)

Figure 11. THD% using PI controller for PDV and GasPI controller for speed IM (PI-GAsPI), SFP-
GAsPI and FLC-GAsPI
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Figure 12. IAE with Normal Operating Conditions a) IAE with Stator Resistance Variation at
0.75s b) IAE with Load Torque Changes at 1s c¢) IAE with Load Torque Changes at 2s d) Total
IAE e)

Figure 12c and d. However, during simulation process, from t=0s to {=3s, the GAs-PI shows the
lowest total IAE value compared to SFP and Pl controller, as shown in Figure 12e. A
comparison between the three controllers is given in Table 3.

Table 3. Summary of Results of the Different Speed Control Strategies

The different speed control strategies SFP GAs-PI PI controller
IAE(t[0s,0.75s]) 85654 25484 88200
IAE(t[0.75s,1s]) 1639.3 1862.6 3094.4
IAE(f[1s,25]) 7984.2 13795 20014
IAE(t[2s,3s]) 8249.5 13749 19915
Total IAE(t[0s,3s]) 103427 54891 1312234

Speed overshoot(%), settiing time (s) (limited of the steady-state speed error e/% <0:16%)  4.7%,023s  2.6%,0.12s  6.2%, 0.15s
Stator resistance suddenly increases a 50% at t = 0.75s, speed drop(rmp), settiing time(s) ~ 1487.2, 0.025s 1488.6, 0.05s 1486.7,0.15s
Load torque suddenly changes from 18N.m to 13N.m at t=1s, speed shoot(rmp), settling time(s) 1502.2, 0.05s 1496.4,0.2s 1503.8, 0.21s
Load torque suddenly changes from 13N.m to 8N.m at t=2s, speed shoot(rmp), settling time(s) 1502.2, 0.04s 1496.4,0.2s 1503.8, 0.2s
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5. Discussion

The FLC has been used to control the PDV, the actual value of PDV tracks the
reference value of PDV with good and this controller also shows the lowest THD% compared to
the SFP and PI controller. Compared to the SFP and PI controller, FLC shows the most robust
against variation of the DIV.

The SIM is controlled by the different control strategies as GAs-Pl, SFP, PI controller.
Simulation results show that under normal operating conditions, using GAs-PI to control the
speed is very good, giving small drift, and shows the lowest IAE value compared to SFP and PI
controller. However, when the load torque and stator resistance suddenly change, GAs-PI
shows a low torque disturbance rejection capability and shows a low robustness against stator
resistance variation due to the fixed gains controller.

Generally, the GAs-PI is algorithm tuning gains of the PI controller off-line. This
algorithm may need a lot of convergence time to achieve an optimum solution, depending on
the choice of the parameters of GAs-Pl and the complexity of the drive system. In order to
decrease the convergence time, the parameters of GAs-Pl such as the range of the PI controller
gains must be determined and limited before. Moreover, the number of generations, the number
of chromosomes in each generation must be selected appropriately to ensure the convergence
capability of the algorithm. Furthermore, GAs-PI can be used to tune the PI controller gains on-
line, however the updating time will be short depending on the rate of microcontroller and the
convergence rate of the algorithm.

The self-tuning capability of the SFP is on-line, SFP is used for controlling the SIM to
cope variation of IM parameters. This algorithm is implemented to base on the speed error and
derivative of the speed error in order to tune the gains of the Pl controller on-line by using fuzzy
rules. During stator resistance variation and a load torque disturbance, SFP shows the lowest
IAE value compared to GAs-PI and PI controller. SFP also shows that the actual SIM tracks the
reference speed with good. In this condition, the GAs-PI is not tuned to the PI controller gains
on-line to cope with variation of the above parameters, GAs-Pl shows speed response to be not
as good as the SFP. Due to the characteristics of the drive system are stator resistance
variation and a load torque disturbance and If DTC-MSVM system operates in a long time, SFP
looks promising and has the best robust against parameters variation of the IM and the lowest
steady state performance compared to GAs-PI and PI controller.

GAs is used to look for gains value of the PI speed controller which minimize the cost
function (IAE) before the DTC-MSVM drive system operates. Consequently, during the starting
of the IM that the parameters of its have not changed yet, the GAs-PI shows the best transient
response comparison to SFP and PI controller. Hence, the GAs-Pl shows the lowest IAE value
compared to SFP and PI controller under motor starting conditions. Furthermore, during the
simulation process (from t = Os to t = 3s), this algorithm shows the lowest total IAE value
compared to SFP and PI controller. Due to the value of IAE when using GAs-Pl is very small
under motor starting conditions and thus this result greatly affects the total IAE value. When the
DTC-MSVM system operates in a long time, GAs-PIl can not be suitable for controlling of the
SIM. Therefore, the SFP is still suitable for controlling the SIM in the DTC-MSVM system.
Comparison among controllers is given in Table 4.

6. Conclusion

This paper presents a comprehensive analysis comparison and evaluations of the
different control strategies such as Pl controller, SFP and GAs-PI for controlling the SIM as well
as using PI controller, FLC and SFP to control the PDV. Excepted to the PI controller, these
control strategies are based on artificial intelligence techniques that do not need determined
mathematical modelling of the drive system.

Results show that, under normal operating conditions or under starting conditions of the
IM, GAs-PI shows the best transient response of the SIM compared to SFP and PI controller.
However, the GAs-Pl needs modifications to adapt on-line for the stator resistance variation
and a load torque disturbance. In this condition, SFP looks promising and this algorithm shows
more robust against the stator resistance variation and a good disturbance rejection capability
compared to the GAs-Pl and PI controller. Moreover, the SFP still needs some modifications to
increase the quality of transient response of the SIM.
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With the PDV in HP-ZSI, the FLC has been applied to control the PDV, giving smallest

drift and the lowest THD% compared to the SFP and PI controller. Therefore, FLC is the most
suitable for controlling the PDV in HP-ZSI.
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