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This paper presents a novel structure combining the port-controlled
Hamiltonian (PCH) and Backstepping (BS) nonlinear control for the vector
control of the six-phase induction motor (SPIM). In this new scheme, to
improve the outer loop’s robustness, the BS technique using the integral
tracking errors action is proposed in the speed and flux controllers design.

The advantage of this proposed control law is not to increase the complexity

of differential equation resolution due to being not increased system states
Keywords: numbers. To enhance more the performance of SPIM drives (SPIMD), port-
controlled Hamiltonian (PCH) scheme is used in the inner current loop
controllers. In this proposed PCH current controller, the stabilization of
controller is achieved via system passivity. In that, the interconnection and
damping matrix functions of PCH system are shaped so that the physical
(Hamiltonian) system structure is preserved at the closed loop level and the
closed loop energy function is equal to the difference between the physical
energy of the system and the energy supplied by the controller. The proposed
control design is based on combination PCH and BS techniques improve
significantly performance and robustness. The proposed speed control
scheme is validated by Matlab-Simulink software.
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1. INTRODUCTION

In recent decades, the multiphase motor drives are widely used in much applications due to their
inherent features such as higher torque density, the rotor harmonic current and torque ripple are smaller, the
stator copper loss reduce, the current stress in the semiconductor switching devices reduce proportionally
with the number of the motor phase [1]. These multiphase motor drives are often considered in the high
power applications such as automotive, aerospace, military and nuclear, locomotive traction, electrical ship
propulsion, Besides, the multiphase motors work very reliably and has high fault tolerance so these motor are
even considered in the applications requiring small power, the high reliability and fault tolerance. With these
motors, when are lost one or more phases they can still provide significant electromagnetic torque to continue
the motor drive operation. Among many types of multi-phase motors, SPIM is one of the most widely used
multi-phase motors [2].

As the three-phase induction motor, when uncertainties and disturbances are appreciable, traditional
control techniques using PID control for SPIM drives are not able to guarantee optimal performance. To
overcome these drawbacks the nonlinear control techniques have been followed, such as, for instance, linear
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output feedback control [3, 4], Sliding mode (SM) [5-7], Backstepping control (BS) [8-12], Fuzzy Logic (FL)
control [13-14] neural networks (NN) control [15-17], predictive control, [18], Hamiltonian control [19-24].
Among these techniques, the BS is one of the most concerned techniques due to its systematic and recursive
design methodology for nonlinear feedback control. BS can be used to force a nonlinear system to behave
like a linear system in a new set of coordinates. Beside the advantages such as the flexibility to retaining the
useful nonlinearities and effectively pursuing stable and tracking goals, the best major disadvantages of BS
technique are the detailed and accurate informations about system dynamics to be required when designing
traditional BS. To overcome this drawback many strategies have been proposed, in [25] the authors proposed
a new BS control scheme using a dynamical motor model with the unknown of the damping coefficient,
motor inertia, load torque and the uncertainty of machine parameters. The tests carried out without applying a
load torque.

However, the performance of the tracking the reference speed and the rotor speed ripple are not
good, and this proposal also does not eliminate completely the load torque disturbance. In [26, 27], new BS
technique was proposed to both the control and speed estimator. Due to increased system state number so this
proposal gives better results, but it also makes increasing the calculation effort and time for the processor.
In [10] proposed a BS design method for both 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 was
difficult to obtain satisfactory control performance when using independently, especially in the cases applied
to control the nonlinear systems. Therefore, to solve this problem, beside continue to improve BS strategy,
another approach has concentrated to the composite control strategy combining BS method with other control
methods, such as sliding mode (SM) control [28-30], neuron network (NN) [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, the BS-based controller design with the integral error tracking
component added to improve its sustainability. In addition, to further enhance the SPIMD performance, the
authors proposed a new structure combining BS and PCH, a proposed PCH for inner current control loop to
improve performance and ensure the stability, accuracy speed response for the drive system, enhance the
robustness for the sensitivity of changes in machine parameters, load disturbance. The effectiveness of this
proposed control structure is verified through MATLAB/ Simulink.

The paper includes five sections, the model of the SPIM and the SPIM drives are presented in
section 2. Section 3 presents the BS PCH controller. The simulation results and discuss are given in
Section 4, and the concluding is presented in Section 5.

2. MODEL OF SPIM DRIVES

The system includes the six-phase induction motor fed by a six-phase Voltage Source Inverter
(SPVSI) and a DC link. A diagram of the SPIMD is illustrated as in Figure 1. In this part, the Vector Space
Decomposition (VSD) technique also has applied as in [18], the original six-dimensional space of the
machine is transformed int 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 [2].

V3 1 V3
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2 2 2 2
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To build SPIM model, some basic assumptions should be made. First, the windings are seen as to be
sinusoidal distribution, the mutual leakage inductances, the magnetic saturation, and the core losses are
neglected. The math equations of SPIM be written in the stationary reference frame as

R]lLs] + P([Ls][Is] + [Lm][1])

Vsl =1
0 = [Re]lr] + P([Ly][I] + [Lm][1s]) @
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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. The electromechanical energy conversion only takes
place in the DQ subsystem. The torque equation can be written as follows:

T, = 3np (lprQ irp — lprDirQ) 3)

where: respectively, T., n,, ¥in, ¥rq, i, irg are the electromagnetic torque that generated by the
motor, number of pairs of poles, the rotor flux, rotor current, respectively.

Figure. 1. A SPIM drive general diagram

As you knew, (x - y) and (zl -z2) subspace produced losses, the electromechanical conversion just
takes place in the D-Q subspace [2]. Therefore, the control is based on determining the applied voltage in the
DQ reference coordinates. Then the SPIM control technique is similar to the classical three phase induction
motor. The control for the motor in the stationary reference coordinates is difficult, even for a three phase
IM, so the transformation of SPIM model in a dq rotating reference coordinates to obtain currents with dc
components is necessary, a transformation matrix must be used to represent the stationary reference
coordinates (DQ) in the dynamic (dq) rotating reference coordinates. This matrix is given

_[cos(8,) —sin(6,) 4
dq = [sin(t?r) cos(5,) ] @)

where or is the rotor angular position referred to the stator as shown in Figure 1.

FOC is one of the most common control methods, Unlike the scalar control, FOC can improve the
static and dynamic behavior of SPIM. FOC control can control torque and magnetic flux separately as the
control way to DC motor. In that, the electromagnetic torque will be controlled by the isq stator current
component, the rotor flux will be controlled by the isd stator current component. We have:

1p‘rq =0;Yrq = Yrgs

Using (1) and (4), the new dynamics model of motor is described by the space vector differential equations

do _ 3 8oLg . Ty
.(E = Enp_(lljrdlsQ) -5 Bw

J
dYyrq _ Ly . 1
e = _mlsD - _lprd
dt Tr Tr (5)
di . .
i L ;stD = —aisp + Lswgisg + bR rq + cugp

digg ) .
kLS dst = —aigq + Lywsisp + brw g + cugg
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Where,g = 1 — 2, § = tm_. o = nRrtliRs 1., LinRr
> LsLy’ oLgLy’ oLz ! o’ oLz

The electromagnetic torque and the sliding frequency are expressed as follows

3 L., .
T, = 2™ T P, lso (6)

Lm .
Wgp = :lprlsQ @)

3. THE PROPOSED BS_PCH COTROLLER FOR VECTOR CONTROL OF SPIM DRIVES
3.1. The proposed BS controller for outer speed control and rotor flux loops

The purpose of this study is to design a simple control law but for high dynamic and establishing
performance, eliminating load disturbance and effect of motor parameter variations. The influence from the
motor parameter variations and the load torque disturbances are significantly reduced when adding a tracking
error integration into the BS speed controller design and update the rotor resistance for BS control. BS
techniques are a systematic and recursive method for synthesizing nonlinear control rules. The performance
and stability of SPIM drives are ensured according to Lyapunov theory [2]. During the design process, each
step will have virtual commands created to ensure the convergence of the subsystem. As rotor flux and speed
are the tracking objectives, the tracking errors is defined as

g =w —w+k, fotf (0* — w)dt

* ! t.f *
&y =WYra—VPratky fo (Wra — Yra)dt ¥
The error dynamical equations are

3 dolg

£, = — zinlprdisq + 7[ + Bw + ky(0* — w)
: Y Lm. 1 "
& =Vrq— =, Lsd + ;wrd + ky (Yra — ¥ra) 9
The Lyapunov function is defined as
1

Differentiating V'

. ) . . ) T, o
Viow) = €wtw T Ep&y = Eplw* — ki Yrgisqg + 7 +Bw+ k(w0 — w)]

g (Yra = isa + T ra + kg (Pra — ¥ra)) (1)

Tr

where:

5 . . - .
k, = %np UTLS, ke, kv are always positive design constants determining the dynamics of closed loop. To V'

<0, the current stabilizing virtual commands are chosen

1 : T ,
(¥ = — k * B - k Y — }
isq ktll)m{ wEw T 0"+ w+] + k(0" —w)
ox T * 1 ' %
i5a = 1= {lpey +Pia + T ¥ra + kyWia — ¥ro)}) (12)
We obtain
V(w,l/)) = _kwé‘g) - kwé‘i <0 (13)

The selected virtual stator current components in (12) are to satisfy the control objectives in the
outer loop and they also are used as references values provided to next inner loop when designing the PCH
controller. Eq. (12) can be expressed as Figure 2.
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Figure 2. The virtual inputs isq and isd

3.2. The inner current loop controllers using PCH
A PCH system with dissipation is a representation of the form:

=) - RO @) + g@)u
/- (14)
y=g" () x)

where R, = RT > 0 represents the dissipation. The interconnection structure is captured in matrix g(x) and
the skew symmetric matrix J, = —JI, H(x) is the total stored energy function of the system. The state
vectors, input and output vectors are defined as follows, respectively

X = [xl xz]T = [Lsisd Lsisq]T
u = [t U]"with:uy = bRrq + Cgq; Uy = —bw,Prg + CUgg

y=[isa Isq]"
The Hamiltonian function of the system is given by
H(x) = %xTD_lx = %(xl2 +x3) = %(Lsiszd + Lgi%)); where, D = diag{Ls L} (15)

Equations of the SPIM described in the dq reference frame (5) can be rewritten in the PCH form (14) with:

J(x)=[ 0 L;’}

Lo,
R(x){g 0} g(x)=[(1) ﬂ

Suppose that with the expectation of systematic stability (19) around a desired equilibrium xo, a Hd
(x) closed-loop energy function, which has a strict minimum at x0 (that is, Hd (x) > Hd (x0) for all x, is
assigned to the system. The feedback stabilization theory of PCH system is given as follows [6]. Given J(x),
R(x), H(x), g(x) and the desired equilibrium xo. Then a feedback control u = a(x), Ra(x), Ja(x) and K(x)
vector functions can be found and they satisfy

(16)

Ua(x) = Rg(0)]K(x) = =[Jo(x) — Ra(x)] Z—Z () + g(x)u (17)
That is
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U x) = [E 0] 1K o) = =2 ()i 2 () > Lo () (18)

The closed loop system as fellow

dx dHg

— = Ua(0) = Ra()] — = (x) (19)

at dx
This system will be a dissipation PCH system
dHq
K@) =22, Hy(x) = Hy(x) — H(x) (20)

where, Ha is an added energy into the system for this closed-loop system is gained a stable equilibrium at x0.
Then expected Hamiltonian energy storage function is defined as

Hy(x) = HE) with: % =x—x, 1)
Where,

JaG) = JG) + Jo @) = ~JEG; Ry() = RG) + Ry(@) = REG) > 0 ()

j =[5 Al R =[5 1) e3)

where, J1 is interconnect parameter, rl, and r2 are damping parameters and From (17) to (22), the control
components of the current controller in the inner loop is determined as

{usd = a[ai;d +n (i;d - isd) _]1 (i;q - isq) - stsi;q - berprd] (24)

Usq = U[ai;q + rz(i;q - isq) + J1(i5q — isa) + Lswsigg + bwrlprd]
In (12) and (24), the rotor flux value which cannot be measured is in identified by VM and is

presented in section 2.3. A new control structure combinating BS PCH for FOC of the SPIM drive be
expressed as Figure 3.
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Figure 3. FOC technique of the SPIM drive with BS_PCH controller
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4. SIMULINK AND DISCUSSION

In this part, the performance verification of BS PCH cotrol scheme for FOC technique of SPIM
drive as shown in Figure 3 is carried out through Matlab simulation software. SPIM drive with the proposed
control scheme has been surveyed at different working speed areas. These surveys are implemented based
benchmark tests in [15], [17]. SPIM parameters: 1HP, 220V, 50 Hz, 4 pole, 1450 rpm. Rs = 10.1Q, Rr =

9.8546Q), Ls = 0.833457 H, Lr = 0.830811 H, Lm = 0.783106H, Ji = 0.0088 kg.m2. Rs is nominal value of
stator resistance.

Test 1: Tracking Reference

Test 1 is carried out according recommended Benchmark tests in [15]. In that, the reference speed is
set up from 65 rad/s to 125 rad/s at 3s, 50% rated load applied at 6s. The results in Figure 4(a) shows the
tracking reference performance of the BS PCH scheme based on vector control is very well. Comparing to
PI controller and NN controller in [15], it is easy to see that the BS PCH controller give responses faster,
more accurate and better the tracking reference performance than PI controller and NN controller. The results
in Figure 4(a) also show that the stator current and torque response, which provided by PCH vector control, is
fewer oscillations than both the conventional and NN vector control in [15]. In order to assess the robustness
for load disturbance of the proposed BS PCH control, observing the speed response in Figure 4(a) at 6s when
load torque is applied, we see that error in tracking the speed increase not significantly at 6s, the real speed
instantly converges to the reference speed. For test in [15], the error in tracking the speed reference appear in
both conventional vector control and NN vector control, these errors in tracking the speed reference are
higher than that appeared in BS_PCH vector control scheme.

Test 2: Detuning Effects

This test is implemented to evaluate the proposed BS PCH control performance under motor
parameter variation condition and load disturbance. The extreme conditions are surveyed with the rotor
resistance value was setup increased Rr' = 3Rr at 2.5s, the reference speed is increased from 65 rad/s up to

125 rad/s at 3s, 50% rated load applied at 6s. Figure 4(b) shows the speed, torque and current responses of
the proposed BS PCH vector control scheme, respectively.
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Figure 4. BS_PCH vector control with setting: a. Nominal rotor resistance; b. Rr*=3Rr
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These survey results show that the PCH control scheme can provide the performance well when
facing the parameter variations and load torque disturbance. The speed and current responses are almost
unaffected until 50% rated load has been applied to motor. When applying load, error speed tracking and
ripple current and torque increased slightly. However, comparing to NN control in and conventional PI
control in [15], it is easy to see that BS PCH scheme give better performance, more robustness for the
uncertain motor parameter of and load disturbance. The results in Figure 4(b) show that the torque and
current oscillations of the proposed scheme in this paper less than the conventional PI vector control and NN
control in [15]. The PCH scheme handle current loops quite efficiently, the compensation function Ha added
to keep system always work stably at reference values. ig, isq Stator current responses in extreme condition Rr
increased 300%, 50% rated load are better than NN control [15].

Test 3

In Test 3, two cases are examined based on recommend [17].

Case 1, the reference speed changes without load, the results are shown in Figure 5.

Case 2, the speed is fixed at 1000rpm during the survey time, the load torque of 100% is rated at 7s (instead
of 75% rated load as [17]), the results are shown in Figure 6.

From the simulation results, it is easy to see that the dynamic performance of the BS PCH controller is very
good. It does not appear the speed and current ripple, the controlled value converges and follow very rapidly
the reference value during the survey period (Figure 5, Figure 6). The convergence time of the speed is
significantly improved compared to the controller proposed in [17]. On the other hand, when observing effect
of the load disturbance at 7s in case 2 (Figure 6 at 7s), it is easy to see its robustness to load disturbances,
there is no oscillation or significant speed reduction recorded, compared to the traditional PI controller and
the controller proposed in [17], the SM_FL controller is proposed) in [17] to handle better load disturbance,
however, the load disturbance still make reduce the speed at 7s then the motor speed converges with a stable
reference value.
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Figure 5. The speed and torque responses in case of ~ Figure. 6 The speed and torque responses in case of
speed variations without load constant speed

5. CONCLUSION

This paper presents a new approach to FOC control of SPIM. Two nonlinear controllers, one of
Backstepping control (BSC) and the other Port Controlled Hamiltonian (PCH) define a new control structure
for vector control of SPIM drive systemt, enables very good static and dynamic performance of SPIM drives
(perfect tuning of the speed reference values, fast response of the motor current and torque, high accuracy of
speed regulation), and robust for the machine parameter variations, load disturbances. The simulation results
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and discussion in section 4 confirmed the good dynamics and robustness of the proposed control algorithm
based on the BS PCH.
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