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Abstract: - In this paper, a novel control structure combing the adaptive backstepping (BS) and sliding mode
(SM) control techniques to improve the performance and enhance the robustness of the vector control of six
phase induction motor (SPIM) drives is proposed. The outer speed closed loop control uses the BS controller
with the integral error tracking component added to improve its sustainability. Second order sliding mode
controller is proposed for the inner current closed loop control to can effectively compensate for load
disturbance in the system so the proposed method is more robust, stability and faster dynamics response,
chattering free performance. The proposed speed control scheme is validated through Matlab-Simulink. The
simulation results confirm the good dynamics and robustness of the proposed control algorithm based on
(BS_SOSM) technique.
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1 Introduction 17], predictive control, [18], Hamiltonian control

Multi-phase ac motor drives are strong [19—_24]. In the proposed technigues, the BS_ have
candidatures for variable speed application, due to ~ received great attention due to its systematic and
numerous advantages that they offer when compared ~ 'ecursive design methoqlology for nonlinear feedback
to their three phase counterparts such as higher ~ control. The BS design can be used to force a
torque density, greater efficiency, reduced torque nonlinear system to behave like a linear system in a
pulsations, fault tolerance, and reduction in the NeW set of coordinates. The major advantages are
required rating per inverter leg [1]. Especially, These that it has the flexibility to avoid cancelations of

drives are often considered in some applications such ~ USeéful nonlinearities and pursues the objectives of

high power applications such as automotive, accurate information _ab_out system dynamics are
aerospace, military and nuclear [2]. With its reliable ~ 'equired when designing traditional BS. To
working characteristics and high failure tolerance ~ Overcome this drawback many strategies have been
nowadays, They are even considered in the small ~ Proposed, in [25] the authors proposed a new BS
power applications requiring high reliability and control scheme using a _dynamlcal mductlon_motor
fault tolerance, where are expected that the loss of ~ Model based on the traditional BS control with the
one or more phases the machine still can provide a  Unknown of the damping coefficient, the motor
significant electromagnetic torque to continue  inertia, the load torque and the uncertainty of the
operating the system. Among the many types of mach[ne parameters. The tests carried out WI'FhOUt
multiphase motors, SPIM is one of the most widely ~ @Pplying a load torque. However, the speed ripple
used multiphase motors. and the performance of the tracking the reference

For SPIM drives, in cases uncertainties and  SPeed is not good, and it also does not guarantee a
disturbances are appreciable, traditional control ~ fotal rejection of the load torque disturbance. In
techniques using PID control for SPIM drives are not ~ [26,27], an integral version of the control and an
able to guarantee optimal performance or can require  @daptive observer using the backstepping technique

a considerably time consuming and plant dependent ~ Was proposed. ~The results show the good
design stage. Therefore, to overcome these performance of the control law and the observer, but

drawbacks the nonlinear control techniques have it may be noted that the problem with this method is
been followed, such as, for instance, linear output ~ the complexity of solving differential equations,
feedback control [3,4], Sliding mode (SM) [5-6], which require more computing time for the

Backstepping control (BS) [8-12], Fuzzy Logic (FL)  Processor, since the model will be increased by two
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the control and observer, by adding the integral error
tracking component to increase the stability of the
transmission system, this method for good dynamic
response, precise controls. However, the torque
ripple is recorded as quite large, the performance at
low speed range and regenerating modes not
reported in [10]. From the above analysis it is easy to
see that the BS control, which represents a precise
model based control method, was difficult to obtain
satisfactory control performance when using
independently, especially in the cases applied to
control the nonlinear systems. Therefore, the
combination of BS and different robust adaptive
control has been received more attentions [28]-[37].
Such as sliding mode control [28-30], neuron
network [31-35], fuzzy logic system (FLS) [36,37].
In this paper, the author proposes a new combined
control structure: The BS controller is applied in
outer speed closed loop control. In this proposed BS-
based controller design, the integral error tracking
component added to improve its sustainability. Due
to the fact that SM control can effectively
compensate for load disturbance so the proposed
method use SM in inner current control closed loop
is more robust than the conventional adaptive
backstepping control used in inner current closed
loop control [10]. The success of this SM type of
control for electric drives are mainly due to its
disturbance rejection, strong robustness, and simple
implementation, as shown by many papers on AC
drives, that use the standard approach of SM control.
The main obstacle to put this technique into
industrial application is the chattering behavior,
which consists in a high frequency oscillation when
the sliding mode takes place. The higher order
sliding mode algorithm is one of the solutions to
alleviate the chattering behavior with the robustness
unchanged unchanged. In this paper, second order
sliding mode controller is proposed for the inner
current closed loop control to can effectively
compensate for load disturbance in the system so the
proposed method is not only more robust, stability
and faster dynamics response but also chattering free
performance. The novel BS SOSM nonlinear
combination structure is proposed in this paper to
ensure stability, robustness and fast error dynamics
for SPIM drives. The effectiveness of this proposed
control structure is verified by simulation using
MATLAB/ Simulink.

The paper is organized into five sections, in
section 2, the basic theory of the model of the SPIM
and the SPIM drive are presented. Section 3
introduces the proposed (BS_SOSM) controller.
Simulation and discuss are presented in Section 4.
Finally, the concluding is provided in Section 5.
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2 Model of SPIM

The system under study consists of an SPIM fed
by a six-phase Voltage Source Inverter (VSI) and a
DC link. A detailed scheme of the drive is provided
in Fig.l. By applying the Vector Space
Decomposition (VSD) technique introduced in
[18], the original six-dimensional space of the
machine is transformed into three two-dimensional
orthogonal subspaces in the stationary reference
frame (D-Q), ( x -y) and (zl -z2). This
transformation is obtained by means of 6 x 6
transformation matrix (1).

. Y31 B 1
2 2 2 2
o L 3 1 3
2 2 2 2
T,- Llp 8 1 38 1 €
NE) 2 2 2 2
o L V3 1 3
2 2 2 2
1 0 1 0 1 0
0o 1 0 1 0o 1

In order to develop SPIM model for control
purposes, some basic assumptions should be made.
Hence, the windings are assumed to be sinusoidally
distributed, the magnetic saturation, the mutual
leakage inductances, and the core losses are
neglected. The electrical matrix equations in the
stationary reference frame for the stator and the rotor
may be written as

[V.1=[RI[LI+PALI[L T+t I D
O=[R][1 ]+PCL I[N J+[tuI[1. D

where: [V], 1], [R], [L] and [Lm] are voltage,
current, resistant, self and mutual inductance vectors,
respectively. P is differential operator. Subscript r
and s related to the rotor and stator resistance
respectively. Since the rotor is squirrel cage, [Vr] is
equal to zero.

As these equations implies, the electromechanical
conversion, only takes place in the DQ subspace and
the other subspaces just produce losses. Therefore,
the control is based on determining the applied
voltage in the DQ reference frame. With this
transformation, the 6P1M control technique is similar
to the classical three phase IM FOC. The control for
the motor in the stationary reference frame is
difficult, even for a three phase IM, so the
transformation of SPIM model in a dg rotating
reference frame to obtain currents with dc
components is necessary, a transformation matrix
must be used to represent the stationary reference

)
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fame (DQ) in the dynamic reference (d-g). This
matrix is given:

cos(s,)
sin(s,)

where or is the rotor angular position referred to the

stator as shown in Fig. 1.

The field oriented control (FOC) is the most used
strategy in the industrial field. Its objective is to
improve the static and dynamic behavior of
asynchronous machine unlike the scalar control. It
allows decoupling the electromagnetic quantities in
order to make the control similar to DC machine.
The principle of the FOC is to align the d axis of the
rotating frame (d-q) with the desired flux as shown
in Fig. 1. Therefore, the flux will be controlled by
the direct component of the stator current (isd) and
the torque by the quadratic component (isq). In this

case we obtain as follows: ¥ra = 0¥ =¥ra
The model motor dynamics is described by the
following space vector differential equations:

—-sin(o,)
cos(o,)

dg —

@)

dow 3 ool . T,
020 275 (i)~ Bo
dt 2 J J
dy, L. . 1
<= _mlsg —— ¥y
dt T, T,
di . .
L, d—s =—ai, + Lo, +bRy , +cu
t
di, . _ (4)
S F = —ai, + Lo, + by, + cu,,
where
L2
o=1--—";
LS Lr
DC Link 4°

Fig. 1. A general scheme of an SPIM drive

The new expression of the electromagnetic torque
and the slip frequency are given by:
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T - 3 n M .
e E p :Wrd Iq (5)
M .
Wy = L_l//rd Isq (6)

r

3 Control Design for the Vector
Control of SPIM Drive using
BS SOSM

3.1 Backstepping Design for the Outer Speed
and Flux Loops

In this part, a modification on the BS technique
SPIM is proposed for vector control of SPIM drives.
As part of the trajectory tracking, the basic idea of
the BSC is to make the system equivalent to a
cascade first order subsystems, giving it strength
gualities and overall stability of the asymptotic
tracking error. The stability and performance of the
systems is studied using the Lyapunov theory [2].
BSC technique is a systematic and recursive method
for synthesizing nonlinear control laws. So a virtual
command, that will be generated to ensure the
convergence of the systems to their equilibrium
states. it allows the synthesis of robust control law
despite different types of disturbances and
parametric uncertainties. In this proposal, the
robustness of this scheme is improved by introducing
integral terms of the tracking errors in the control
design.

Fig. 2. The virtual inputs i sq and i sd.

The following tracking errors are defined:

t
&,=0 -0+ k,',,J-(CU* —w)dt
0

(7)

t
&, =V Vi +k;,J-(‘//:d —¥q)dt
0
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To ensure the stability of the outer loops, the virtual
inputs isq and isd are used. The dynamics of the
tracking errors are given by:

£, = af—%np %1/1@5q +-Z—'+ Bo+k, (0 —w)

. 1 o ®)
g, = V/rd_Tmisd +7l/lrd + kq/ Wit — Vi)
To design BSC scheme, the Lyapunov function is
selected as

1
V(w,y/) = E (S[i + ‘95) (9)

its derivative can obtain:

: : : " T -
Ve =¢,6,7¢,¢,=¢,[0 —Ky,i, +?'+ Bo+k, (0 —w)

r r

.‘k L - 1 ' *
+e&, {V/rd_r_mlsd TVt k, W _V/rd)} (10)

k_

where 5™ Tosatisfy V< 0, BS control

laws are designed as follows:

L= {Ke, + +Bot LK (0 - )
kt (//rd J

T * 1 . *
= Lr{ky,g./, Ty +7l//rd + ky/ (77 )}

m

iy (11)
where Kk, , ky are positive constants. Substituting
(11) into (10), the derivative of the Lyapunov
function can obtain as:

J 2 2
V(w,./,) =—kw€w—ky/¢‘,‘w <0 (12)

The Eq. (11) can be summarized as follows (Fig. 2)
In order to realize the tracking of the stator current of
induction motors, the SM control is used in the inner
loop of SPIM motor.

3.2 SOSM Design for in the Inner Current
Loops

In this paper, the inner current control objective is to
make the measured stator currents reach the desired
currents value i, SMC is adopted for the currents
loop of SPIM drives, an adaptation law for this SMC
scheme is derived based on Lyapunov theory to
ensure stability and fast error dynamics.
Defining the current tracking errors as

. .
gisd =My g gisq - Isq - Isq

(13)

Consider s; and s, are the two sliding surfaces are
defined for isd and i, respectively. These sliding
surfaces can be described as
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51: gisu + I(ljgisu dt (14)

0

t
Sy Eig t+ kzj.gisq dt

0 (15)
where, k; and k, are the undetermined coefficient.
The time derivative of Lyapunov function yields:
S (16)
Si=¢&i,+ klgisd
- 17)
S2 =¢&igt kzgisq
Substituting Equation (4) to Equation (16-17) and
combinating to the sliding mode exponential
approach law, we get the following equation:

- .1

si=e+ke, =i, +r[aisd -Lo,i, -bRy,, -cu_ |+ ke, =,

- a1y _

2=+ koe = 'Sq+f[a's“ -Loji, -b oy, -cu, |+ke =U,
(18)

The second order sliding controller which was

proposed:

Usy
USZ

where, o4, ay, B1, B2 are positive constants with:

{“1 ZAZ0 e sign(s) function is defined as:
a2 >p2>0

-1 if
sign(sj)=4 0 if s =0
+1 if s§>0
The SM control law can be found using Lyapunov

theory and defining the Lyapunov function
candidate:

Vv Z%(Sf-F s5)

[ agsign (s1)+ Asion (psy ) |
~[agsign(sy) + fosign  psp ) ]

(19)

sj <0

with i=1;2 (20)

(21)
The time derivative of Lyapunov function can be
calculated as:

V =5 5+8,5, (22)
According to Lyapunov theory, if the function V is
negative definite, this will ensure that the state
trajectory will be driven and attracted toward the
sliding surface s and once reached, it will remain
sliding on it wuntil the origin is reached
asymptotically.
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u

sd

L . . -
?S[alslgn(sl)+,315|gn( ps, )+ pi,

+Li(aisd - Lsa)sisq _bRr‘//rd )+ klgisd :|
] : (23)
u, = ?s[azsign(sz)+ﬂzsign( ps, ) + pi,,
+Li(aisq - stsisd - ba)rl//rd ) + kZEisq :|
This ensure that:
v =—[alsign(sl)+ﬂ18ign(951)}[51] (24)

[ azsign(sy )+ Bosign( psp) |[s2] <0

4 Simulink and Discussion

The vector control for IFOC induction motor

drive system is simulated by using MATLAB
software. The block diagram of system is shown in
Fig. 3. The proposed BS_SOSM control is compared
to the classical control using a PI controller, to show
the effectiveness of the proposed algorithm. The
results analysis shows the characteristic robustness
of the BS_SOSM control to disturbances of the load,
the speed variations.
SPIM parameters: 220V, 50 Hz, 4 pole, 1450 rpm. Rs
= 10.1Q, Rr = 9.8546Q, Ls = 0.833457 H, Lr =
0.830811 H, m = 0.783106H, Ji = 0.0088 kg.m2. Rs is
nominal value of stator resistance.

4.1 Dynamic Performance of SPIM on Speed
Reversal

The speed reference in this case is set up speed
reversal from 1000 rpm to —1000 rpm under load
torque for Pl and BS_ SOSM controllers,
respectively. The speed, torque and current stator
responses are shown in Fig. 4. Initially, motor is
accelerated in both the cases, is easy to see that BS
SOSM controller can provide stability and faster
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dynamic responses than PI controller, speed transient
time from zero to 1000 rpm in the case of PI
controller is 0.177s and 0.081s in the case of BS
SOSM controller as shown in Figure 5, respectively.
When motor runs at steady state at 1000 rpm, a step
speed command of —1000 rpm is applied at t = 1s.
As soon as —1000 rpm is applied, negative torque is
developed on the shaft of the rotor, consequently
motor starts decelerating achieving zero speed and
then starts accelerating in reverse direction and
finally get in settled down at —1000 rpm. Total time
taken speed reversal of the SPIM drive using PI
controller is 0.112s, and 0.075s using BS_SOSM
controller, respectively. Comparison the dynamic
response time of torque and current of the FOC
SPIM drive using Pl controller is 0.185s, 0.103s
using BS_SOSM controller in the start mode and its
speed reverse from 1000 rpm to —1000 rpm is 0.155
s in case using Pl controller and 0.1s using BS_
SOSM controller.

From the simulation results show that the
dynamic performance of the vector control of SPIM
drive are using BS_ SOSM very good, the measured
speed follows the reference speed, the speed tracking
efficiency is high, fast dynamic responses. Compare
with the results obtained using PI controller, we can
see that the proposed SPIM vector control strategy
using BS_ SOSM controller give better dynamic
performance for using conventional Pl controller. In
this proposed vector control, tracking performance,
overshoot, transition time are better. Beside, the
simulation results is also evident that the proposed
SOSM controller can provide the load torque and isq
current component with the better quality than the
conventional SM controller (low torque and current
ripple), whereas the conventional SM controller is
remarkably affected by the chattering problem.
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Fig. 3. The vector control of SPIM drive using BS_ SOSM control
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Fig. 4: The dynamics preformance of SPIM drive with Pl and BS_ SOSM controller
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4.2 Performance of IM on Step Load

Disturbance

In this second case, the reference speed is increased
from 800 rpm to 1200 rpm at t = 0.5s and decreased
from 1200 rpm to 600 rpm at t = 1.5s. The responses
of SPIM drive are shown in Fig.5. SPIM is started
without load torque until the sudden rated load is
supplied at t = 1s. The PI controller reaches 800 rpm
in 0.096s, and the BS_ SOSM controller is 0.063s.
The transition time of BS_ SOSM controller is
shorter than PI controller for all reference speed.
When the rated load torque is applied at 1s for the PI
controller, the real speed dips to 1353 rpm and takes
0.5s to recover the speed to reference value, the BS
SOSM controller, the speed dips to 1393 rpm and
takes 0.16s to recover the speed to reference value.

1200 >
1000
800
600

400

! —— Reference
200
0

Speed (rpm)

------ BS-SOSM
15 2

—TL
—— Te(P))
-------- BS-SOSM
0 0.5

Torgue (Nm)

1 1.5 2
Time ()

'
a1

Current isq (A)
o

—pl :
-------- BS-SOSM ;

I
0 0.5 1 1.5 2

Time (s)

KR
o

Ngoc Thuy Pham

The speed error in steady state is near zero for the
BS_ SOSM control and is 6.8 rpm for PI control. Fig.
5 shows that BS_ SOSM controller has a shorter rise
time, settling time, and recovery time than PI
controller. Also, proposed controller has the fast
torque response and very low torque ripple. The
simulation results show that the characteristic
robustness of the BS_ SOSM control to disturbances
of the load and the speed variations are better than
conventional the Pl control. The torque and isq
current component ripple are improved significantly
than the conventional SM controller due to using
second order sliding mode (SOSM) controller for the
inner current closed loop control to free of chattering
problems.

800 p—

600

400

Speed (rpm)

2
s —— Reference
&

200

e BS-SOSM
0.15

1240
1220
1200
1180
1160

-’ —— Reference
1140

------ BS-SOSM
11
2(9.95 1

Speed (rpm)

1.05 1.15

Time (s)

Current isa (A)
o

——PI
——BS-SOSM

0 0.5 1
Time (s)

1.5 2

Fig.5 Performance of SPIM drive on the load disturbance
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5 Conclusions

In this paper, a novel structure of Backstepping _
Second Order Sliding Mode nonlinear control
(BS_SOSM) of the six phase induction motor
(SPIM) is presented. The control design is based on
combination SM and BS techniques to improve its
performance and robustness, enables very good static
and dynamic performance of SPIM drive system,
perfect tuning of the speed reference values, fast
response of the motor current and torque, high
accuracy of speed regulation, and robust for the
disturbances of the load, the speed variations and
chattering free performance. The simulation results
and discussion in section 4 confirmed the good
dynamics and robustness of the proposed control
algorithm based on the BS_SOSM.
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