Modern Applied Science; Vol. 9, No. 2; 2015
ISSN 1913-1844  E-ISSN 1913-1852
Published by Canadian Center of Science and Education

Sliding Mode Control of Induction Motor with Vector Control in Field
Weakening

Ziad Hussein Salih', Khalaf S. Gaeid® & Ali Saghafinia®
' Petroleum and Mineral Engineering Faculty, Tikrit University, Iraq
? Engineering Faculty, Tikrit University, Iraq
3 UMPEDAC center, University of Malaya, Malaysia

Correspondence: Ziad Hussein Salih, Petroleum and Mineral Engineering Faculty, Tikrit University, Iraq. Tel:
964-770-305-7076. E-mail: gaeidkhalaf@gmail.com

Received: September 5, 2014 Accepted: September 23, 2014 Online Published: January 28, 2015
doi:10.5539/mas.vOn2p276 URL.: http://dx.doi.org/10.5539/mas.von2p276

Abstract

This paper presents a vector control sliding mode control (SMC) scheme in the field weakening (FW) region
with optimal flux based algorithm. The observation of the rotor flux and stator flux components are also included.
This work proves the advantages of vector controlled IM for high performance application in the industry. The
vector control ability for easy FW and full voltage and current utilization of inverter fed IM to ensure a wide
range of sufficient speed and torque operation was investigated in this work. In a sensorless vector controlled IM,
the speed must be estimated using voltage and current components. The parameter variations is the main
problem in the high speed operation of IM so that, the sensorless speed estimation through SM technique in the
FW region with optimal flux measurement is presented. Space vector pulse width modulation (SVPWM) voltage
source inverter is utilized in the algorithm. The simulation results shows the effectiveness of this algorithm at all
speed range of operation.

Keywords: field weakening, expanded control techniques, sliding mode observer, optimal flux, vector control
1. Introduction

The induction motors (IM) plays an important role in the industry due to their low cost and operational reliability.
The percentage of the squirrel cage IM in the industry can be illustrated in Figure 1.

other types of Motors

Induction Motors

Figure 1. Squirrel cage induction motor percentage in the industry

Speed estimation of the machines can be applied in applications where the speed sensor can be damaged has
been done by (Grzegorz Tarchala et al., 2013). Three parameters should be obtained to complete sensorless
control algorithm, i.e. stator flux vector, motor torque and reference speed. These parameters can be estimated
using different control techniques such as sliding mode observer(SMO) (Z. Yan et al.,2000), Model Reference
Adaptive System (MRAS) estimators as in (Khalaf Salloum Gaeid et al.,2012)& (Dafang Wang et al.,2013) ,
Kalman filters( Boyu Yi et al.,2013), neural network(Kusuma Gottapu et al.,2013).

The expanded control techniques of IM control is shown in Figure2.

Sensorless algorithm reduces the cost of the motor drive, increases both the reliability and noise immunity with
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low maintenance of the given system (Mateusz Dybkowski et al., 2013) & (ArafaS.Mohamed et al., 2011).
Additional cable reduction can be assured by sensorless.
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Figure 2. Expanded control techniques of IM control

Best performance of the drives can be obtained by one of the field oriented control (FOC) methods either the
direct or indirect to obtain a robust solutions for IM . The IM operation can be divided into three speed ranges,
constant torque, constant power speed and constant slip frequency (D. Casadei et al. 2006).

In the first region (constant torque), the actual speed cannot be reached to the rated speed level. Hence speed
steady state error is exists.

In the second region (constant power speed),the frequency of the IM increases and the supplied power to the load
decreases proportionally with the rotor speed. In the third region (constant slip frequency), the torque and
mechanical speed relationship as .

Where @?, is the squared mechanical speed

Operation in the field weakening (FW) region which is above the IM reference speed achieves and compromises
of high speed and high torque. In the FW region, the torque can be increased to its maximum level by adjusting
the magnetic field. The rotor speed is inversely proportion to the stator flux as well as the rotor flux is getting
reduced to below its rated value due to increasing of the actual speed more than the reference speed.

A lot of researches has been reported and suggested various approaches in order to achieve this goal such as (P. Y.
Lin & Y. S. Lai, 2011).

Sensorless vector control scheme based on speed estimation algorithm with an integral sliding mode observer
to compensate the system uncertainties presented in (Sobha Chandra Bbarik,2007).Speed estimation based on
(SMO), which combines variable structure control(VSS), Popov’s hyper stability theory is presented by (G.
Venkatesh ,2013). The rotor flux based model reference adaptive system (MRAS) presented by (P. Vas, 1992) is
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one of the most popular methods for the flux and speed estimations. The error is calculated using voltage and
current models of the rotor flux and speed.

SMO based rotor flux estimation scheme for sensorless field oriented control (FOC) is developed to track the
stator currents and the control signals of the observer presented in (Yong Feng et al., 2012).

Speed estimation from the output of the PI controller operated by the flux error signal in closed loop system is
presented by (C. Kamal Basha et al., 2013).

The SMC based motor drive system has many features such as, it is robust to parameter variations, the model
uncertainties are insensitive to external load disturbances, fast dynamic response, stable control system, it can
handle some nonlinear systems that are not stable by using a linear controller (Ali Saghafinia et al., 2013).

The main objective of this paper are to combine the sensorless vector controlled IM in FW region with SMO and
optimal flux measurements such that the machine can be precisely used in a wide range of operation.

The paper is organized as follows. Section II provides modeling of IM. Section III presents the FW control of IM.
Section IV explains SVPWM technique. Section V presents sliding mode observer. Section VI introduces the
simulation results and Section VII presents the main conclusions of this work.

2. Modeling of IM

Vector control decouples flux and torque currents so as to linearly control the output torque of a nonlinear IM.
The 3-¢ of voltage and current are transformed into 2-¢ d-q axes. The d-q frame rotates synchronously with the
rotor flux space vector (Gaeid, Khalaf Salloum et al., 2012). Independent control of motor flux and torque can be
obtained by this method. Figure3 shows the vector diagram of IM in stationary a-f and rotating d-q coordinates.

Jlﬂ

Stator current vector

Rotor

» o Sttor

Figure 3. Stationary reference frame for vector control (Gaeid, Khalaf Salloum et al., 2012)

Modeling of the IM is essential for the SMO design. The model of the squirrel cage IM can be derived using the
commonly known assumptions (The magnetic field intensity is constant, 3-¢ symmetry, no saliency effects,
magnetizing linearity) in a stationary reference frame a-f (Grzegorz Tarchala et al. 2013).

1. IM voltage equations:

(M

Where "s,% is the space vectors of the stator voltage and current respectively, its values are

V=V, + jVSﬂ @
i, =i, +jisﬂ

The magnitudes of the stator voltage and current are

v, = 0,) +(0,)°

(3)
i, =4(,,)" + ()’
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1
n=g- @)

rs, I', Xs, Xp, fs 18 stator winding resistance, rotor winding resistance, stator winding reactance, rotor winding
reactance and nominal frequency respectively.

i, is the is the space vectors of the rotor current.
I :im+ji,ﬂ (5)
v, , v, istheis the space vectors of the stator flux and rotor flux respectively.

y/s =‘//sa+jy/sﬁ

l//r zl//ra+jl//rﬁ (6)

The magnitude of the stator and rotor flux:

W 2 W,) + ()
L E W)+ W)
Y, =W V.5 o

2. Current-flux equations:

l//S = xSlS +xmlr

Vi =Xl T Xl (8)
X, 1s the magnetizing reactance
3. The equation of motion:
do 1
"= (T, T,)
dt Ty

Te = l//saisﬂ - '//sﬂistx (9)

o, Ta Te, T, is the rotor speed, mechanical time constant, electromagnetic torque, load torque respectively.

The vector control fundamental equations allows the IM to operate like a separately excited DC machine with
decoupled control of torque and flux making the IM to operate as a high performance during all operation
regions (M. H. Shin et al., 2002 & Z. V. Lakaparampil et al., 1996). Simulink implementation of IM can be

shown in Figure4.
Lr il I 1. is alpha .
i_s_alpha,i_s beta s
Vs . 1
P e > o
Lr FpIZL_OIL_r torque

11.. i_s_beta

h A 4

v_s_alpha,v_s_beta

»
>
»

>

| flux_r_alpha,flux_r beta fluxr
I
4 flux_r_alpha
0 > —"_- : EI »iid

flux_r beta ||

flux_s_alpha
flux_s

flux s beta flux_s_alpha,flux_s_beta

Figure 4. Simulink implementation of IM
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3. FW Control of IM

A stable current regulation as well as better robustness of operation can be provided during FW region and
making sure that the IM is operated within a maximum performance of operation (K. Nguyen et al., 2012).

The FW principle is to allow operation of variable speed IM drives at more than rated speed as can be seen in
Figure5.

r

) Const.Torque,: Constant power

Const.Field : Field weakening
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Rated Spd |

»

Speed
Figure 5. Typical Capability curve of Induction machine

The DC voltage supply is the main effected parameter to reduce the maximum torque production in the FW
region during the operation. The stator flux magnitude in inversely proportion to rotor speed as:

v, <,

In IM, the hysteresis curve can be used to measure the main flux produced. Both magnetizing inductance and
magnetizing flux will be a functions of magnetizing current (A B. Ali et al., 2009).The magnetizing inductance
and magnetizing current relationship is illustrated in the Figure 6.
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Figure 6. Variation of magnetizing inductance and current

The optimal mathematical model variation of magnetizing current and inductance will be as in (10)

L, =0.019I, —0.0997°, +0.0241, +0.06 (10)

In the FOCIM, the electromagnetic torque is expressed as:

T =13)p*(Lm/ L, )iyis,) (11)
The simulink implementation of the FW circuit can be seen in Figure7.

-l o

Sat phi imrd
Figure 7. Simulink implementation of FW unit

4. SVPWM Technique

The SVPWM generates the appropriate gate drive waveform for each PWM cycle. The inverter is treated as one
single unit and can combine different switching state (Bengi Tolunay, 2012].

The principle of SVM is based on the fact that there are only eight possible switching combinations for a three
phase inverter to calculate inverter transistor on times. The transition from one switching state to the next

280



www.ccsenet.org/mas Modern Applied Science Vol. 9, No. 2; 2015

involves only two switches in the same inverter leg, when one being switched ON, the other being switched OFF,
in order to minimize the device switching loss (Z. V. Lakaparampil et al., 1996).

Figure8 illustrates the structure of a typical 3-¢ voltage source inverter. The 3-¢ voltages are represented by V,,
Vyp and V... The switches are represented by s; through sq and G; through Gg are the gate signals.

For IM control, when an upper transistor is switched ON, i.e., when G;, G; or Gs is 1, the corresponding lower
transistor is switched OFF, i.e., the corresponding G,, G4 or Gg is 0.

_Rectifier Inverter
oyl v

AcQ)) : e
MY Y ™

Figure 8. Inverter with the rectifier stage

The relationship between the switching variable vector [Gy, G3, Gs] and the line-to-line voltage vector [V, Vi,
V..] is given by Equation(12):

Vas 1 -1 o |G
Ve |=Vel0 1 -1 G, (12)
. -1 0 1]a,

Equation (13) determines the phase voltage vector [V, Vy, V], where V. is the DC supply voltage, or the bus
voltage.

v 2 e
v, ~1 -1 2|6,

(13)

The V.« is limited in the linear region to V. ;3. As shown in Figure9, there are eight possible combinations of
ON and OFF patterns for the three upper power transistors that feed the three phase power inverter. Notice that
the ON and OFF states of the lower power transistors are opposite to the upper ones. The eight combinations and
the derived output line-to-line and phase voltages in terms of DC supply voltage V., are shown in Tablel.

Table 1. Switching patterns and output voltages of the inverter

Gl G3 GS Va Vb Vc Vab Vbc Vca
0o 0 O 0 0 0 0 0 0
1 o o0 23 -13 -13 1 0 -1
1 1 o 13 13 -23 0 1 -1
0 1 o -3 23 -1/3 -1 1 0
0 1 1 23 13 13 -1 0 1
0 0 1 -1/3 -13 2/3 0 -1 1
1 0 1 173 -2/3 173 1 -1 0
1 1 1 0 0 0 0 0 0

In the space vector PWM method, the reference voltage vector is approximated using a combination of the eight
switching patterns (Zhenyu Yu & David Figoli,1998). Figure 9 shows the space vectors denoted by Vo, Vo, V120,
Viso, V240, V300, Origin000 and Originl11. A straightforward approach of approximating the reference voltage
vector is generating an average output for a small time period that equals the average of V,. Equation (14)
illustrates this for time periods 7; and T, during which switching patterns U, and U, form the sector
containing Uy, (Khalaf salloum Gaeid, 2013).
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Figure 9. The basic space vectors and switching patterns

The simulink implementation of the SVM control signal can be shown in Figurel0.

control_signals

Figure 10. Space vector modulation generation

5. Sliding Mode Observer

The SMC is a very important strategy in the nonlinear control with uncertain systems (J. J. Slotine et al.,1991&
V.I. Utkin et al.,1999).Utilization of discontinuous function and high control gain gives powerful features to the
performance specifications of the closed loop system.Figurel1. Shows the main components of the SMO.

U_alfa > /
sign K

First order Filter
&

.

First order TF

Est Speed

i_beta

Figure 11. Simulink implementation of SMO

In the FW region, the accuracy of the speed estimation not influenced by the variation of stator resistance (A.
Derdiyok, 2003).SMC is a control strategy for variable structure system (VSS), having switching logic and its
considered to be the sufficient solution for the nonlinear control of IM drives at high frequency due to its
disturbance elimination, strong robustness and simple implementation (Yan, Z., & Utkin V., 2002).

In SMC a sliding surface (slice) on the main system trajectory is reached by proper control law design. Another
parameter is the sliding phase which is a phase of slides toward the stability point.

The error between the reference current parameter and estimated parameter moved towards a sliding surface. The
sliding surface (slices) is defined according to this error and its rate of change is a variables.The alpha and beta
components of the voltage and current are estimated using the DC-link voltage and the inverter transistors
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positions. These components will be the control input to the this system as in Figurell.

The tracking error will be the input to sign unit to force it to move to the predefined sliding surface. The sign
properties as

1 for s>0
sign(s)=40 for s=0
-1 for s<0

15)

It's clear from Figurel1, the mechanical speed is replaced by the estimated one, and an additional variable (mu in
the green block) is introduced for tuning the flux and current estimators (S.Tami et al., 1987). The estimated
rotor flux vector is:

dy, A U N
TNl = _(_+ﬂ]l/lr +x_+]a)mWr
: (16)
The estimated speed can be calculated by:
@, =k signs, (17)
where: K—positive constant.
Speed switching function is:
So = (;v/i’ _isﬂ)l/7ra - (;sa - l.szx)‘prﬂ (18)
The high frequency speed is undesirable and it must be filtered through a low pass filter (LPF):

_ 1
), =0, ———
03T.s+1
: 19)
T, is the setting time of the system
The better filter time constant is found during the experiment to be 0.37; as can be shown in Figure 12.
4
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Figure 12. Filter time constant selection

From Figurel2. It can be seen, that the filter time constant between three to four time constant gives the smallest
oscillation level. This will yield a fast speed response and the oscillation can be reduced. The closed loops
control with PI controllers is required to obtain good performance without fine tuning. The proposed algorithm
implemented with Simulink/Matlab as shown in Figure 13.
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Figure 13. Simulink implementation of the proposed algorithm

I Stability Test

6. Simulation Results

The IM used for the simulation is a 1 kW having a parameters as given in Table 2.

Table 2. IM parameters

Parameter Value Unit
Stator resistance 0.55 Q
Rotor resistance 0375 Q
Stator inductance 0.112 H
Rotor inductance 0.105 H
Mutual inductance 0.103 H

In the simulation, the IM starts from a standstill state with reference speed 1000 RPM between [0-1.6]sec and
changed to 2500 RPM after that up to 4 sec to become 2000 RPM.

The reference speed of the proposed algorithm is shown in Figure14.

Reference Speed
2500

2000 - - - — — - — - —— —— — — @ - - — - —

Speed(RPM)

1500

Time(sec)

Figure 14. Reference speed of the proposed algorithm

The actual speed response of the IM is shown in Figurel5.
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Figure 15. Output speed response variation

The speed of 1000RPM , 2000RPM and 2500 RPM is achieved in 0.4 sec time delay and enters to FW region.

The FW operation of the IM drives a to vary the rotor flux reference in inversely proportion to rotor speed as can
seen in Figure16,this is according to the reference speed variation.

field weakening during variable speed operation
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Figure 16. Variation of magnetizing inductance and current

The reference and actual flux during the FW region is measured at a constant speed of operation (2000 RPM) as
shown in Figurel7.

Field weakening flux with Reference when IM speed is 2000 RPM
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Figure 17. Flux with its reference in the FW region with 2000 RPM
Figure 8 present the transient response of torque without LPF as the rotor speed changes from 0 to 1000 RPM,

(1000 to 2500) RPM and [2500-2000]RPM. The motor torque has a IN.m value in the first region, 2 N.m in the
second region of operation and maintains the rated value of 1.8 N. m. in the third region.

Torque(Nm)
N
T
|
|

A )
T T
I I
i i

0
T
|
t

Timea(sec)

Figure 18. IM torque with the LPS design and optimal flux usage
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Figurel9 present the transient response of torque with LPF and optimal flux under same above condition The
motor torque has a 0.8N.m value in the first region, 1.9 N.m in the second region of operation and maintains the
rated value of 1.5 N. m. in the third region.

25

Time(sec)

Figure 19. Torque of IM under LPF and optimal flux constrains

Figure 20 shows the variation of rotor flux and stator flux for all rotor speed variations.

Rotor fulx

Rotor fux(Web)

Stator flux(web)

Time(sec)

Figure 20. IM rotor flux (above) and stator flux(below)

Optimal rotor flux can be designed according to the following Equation(Khalaf Salloum Gaeid and Hew Wooi

Ping, 2011)
Bopiimar = T, ¥ /R /(1.5% P) | (20)

Figure 21 shows the optimal rotor flux variation during the FW region.
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Figure 21. IM optimal flux measurement in all regions of operation

Variations of stator current ios and ifs prepared for inverter fed IM during FW region are presented in Figure 22.
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Stator current

Alp comp(Amp)

Beta comp(Amp)

25
Time(sec)

Figure 22. IM stator current components, ios (above) and iBs (below)

7. Conclusions

In this paper, a SMO in FW region for SVPWM fed IM is developed. The performance of the developed
algorithm has been illustrated in the FW region and the speed and torque responses are analyzed.

In this method, the variable speed transition and FW region is smooth in operation with the LPF, depending upon
the voltage and current limits, better accuracy in all ranges of speed control has been obtained through the
proposed SMO scheme.

SMO has the ability to do accurate speed estimation for any operating point in the FW region.
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