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ABSTRACT

Considering the ongoing paradigm for the use of more renewable

energy sources, wind energy conversion systems are considered

mature technologies. The fault tolerance is one of the most

sought-to capabilities for wind energy conversion systems. The

ability to maintain operation even after an open-phase fault,

allows the system operators to maintain energy production, pre-

senting tangible economic benefits, and the inherent redundancy

of six-phase machines by providing the desired fault-tolerant

capability with no extra hardware. As a result, different control

schemes have been developed in the literature considering linear,

non-linear and predictive structures. The latter, also known as

finite-set model predictive control techniques are distinguished

by a variable switching frequency which causes noise, large

voltage and current ripples at low sampling frequency. This

paper presents a speed control with an enhanced predictive

current control technique with fixed switching frequency applied

to the six-phase wind energy conversion systems. Simulation

results show the efficiency of the proposed technique, demon-

strating that it is a viable alternative to conventional predictive

controllers.

Keywords: Multiphase induction generator, predictive control,

wind energy conversion systems.

1. INTRODUCTION

The development of wind energy conversion systems (WECS)

has matured to which it is ready to become generally accepted

power generation technology. High-power WECS allow the

analysis of new topologies, where multiphase WECS have

been subjects of intense research in the last decade [1]. The

additional degrees of freedom of the multiphase WECS bring

the possibility of the fault-tolerant capability with no extra

hardware, which is particularly appreciated in WECS [2], [3].

In order to control the variables of the multiphase WECS,

several control strategies have been studied. Some of the most

applied methods are the vector control or field oriented control

(FOC) with an inner current control loop and the direct torque

control (DTC). On one hand, DTC has some disadvantages

such as: variable frequency behavior, weakness in torque control

at very low speed and torque and flux pulsations due to the

hysteresis bands in comparators. On the other hand, FOC has

good current behavior, but it contains one speed control loop,

one flux control loop, four current control loops and some

transformation models for different coordinate frames for the

six-phase case [4]. So, the complexity and cost of the control

system is increased.

In this paper, the speed control is performed based on FOC

technique whereas the inner current control loop is based on

finite-control-set model-based predictive control (FCS-MPC)

technique applied to a six-phase induction machine (IM). For the

outer speed control loop, a proportional integrator (PI) controller

is implemented and the design is based in a technique detailed

in [5]. The inner current control loop based on FCS-MPC

strategy offers its advantages such as fast transient response

and multi-objective control [6], [7]. As the quality of the model

of the system has direct influence on the quality of resulting

controllers, this paper also includes an enhanced model based

on rotor current estimators proposed in [8], [9]. Despite the

benefits and constantly improvements in the design of FCS-MPC

controllers, it has several issues to solve for researchers, such

as the variable switching frequency of this control technique.

This paper tackles this issue by the implementation of a fixed

switching frequency for the inner predictive current control

(PCC) based on the method studied in [10], [11]. The method

selected for this paper combines PCC and a pulse-width mo-

dulation (PWM) technique which provides the fixed-switching

frequency as well as a reduction in the losses of the six-phase

IM. Moreover, this technique is easy to extended to conventional

and n-phase IM and it only incorporates a small computational

burden to the implementation time.

2. MATHEMATICAL MODEL OF THE

SIX-PHASE WECS

Traditionally, the mathematical model of the six-phase IM is

simplified by using vector space decomposition (VSD) described

in [12]. Therefore, the transformation matrix T, is used to

map the six-phase components (i.e. voltages and currents)

into three-orthogonal sub-spaces, namely α − β, x − y and

z1 − z2. A detailed scheme of the system, which consists

in an asymmetrical six-phase IM fed by a dc-link (Vdc)

and a six-phase voltage source inverter (VSI), is provided in

Fig. 1. The VSI exhibits a discrete nature, which yields to

26 = 64 possibilities, and 49 different vectors, as shown in

Fig. 2. By considering the gating signals arranged in the vector

S = [Sa, Sb, Sc, Sd, Se, Sf ], where Si ∈ {0, 1}, the stator

voltages, U(t) = [vαs, vβs, vxs, vys], can be obtained from the

ideal VSI model M[S] as:

U(t) = Vdc TM[S] (1)
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Fig. 1. Scheme of the six-phase IM fed by two 2-level VSI.

Fig. 2. Space voltage vectors and switching states in the α − β and
x− y sub-spaces for a six-phase VSI.
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being modeled as the ideal six-phase VSI for two isolated

neutrals configuration.

Then, by using a state-space representation, the model of the

system is given by:

Ẋ(t) = A(t) X(t) +B(t) U(t) +H̟(t) (4)

Y(t) = CX(t) + ν(t) (5)

being U(t) the input vector of the state-space system,

X(t) = [iαs, iβs, ixs, iys, iαr, iβr]
T

the state vector, Y(t) =
[iαs, iβs, ixs, iys] the output vector and A(t) and B(t) are

matrices related on the electrical parameters of the machine.

The process noise is represented by ̟(t), H is the noise weight

matrix, C = [1, 1, 1, 1] and ν(t) the measurement noise. A

detailed explanation of the machine model is not included here

for the sake of conciseness and can be found in [11].

3. PROPOSED CONTROL METHOD

A. Outer speed control

A PI controller with a saturator is selected for the speed control

loop, which is based on the indirect vector control technique

because of its simplicity. For this technique, the PI speed

controller is used to obtain the dynamic reference current i∗qs.

This current reference, which will be used by the PCC, is

generated from the electric angle estimation used to transform

the current reference, originally in the dynamic reference frame

d−q, to the α−β sub-space. The process of the slip frequency

(ωsl) estimation is executed in the same way as the indirect field

orientation methods, from the electrical parameters of the six-

phase IM (Lr = 3Lm+Llr and Rr) and the reference currents

in the dynamic reference frame (i∗ds, i∗qs).

B. Inner predictive current control

The current control is performed by FSC-MPC approach. This

PCC technique uses the model of the system, Eqs. (1)-(5), to

predict for each valid switching state of the six-phase VSI the

performance of the variables to be controlled at every sampling

time. Therefore, the model of the system must be discretized.

A forward Euler model approximation is used:

X̂[k+1|k] = X[k] + f
(

X[k], U[k], Ts, ωr[k]

)

(6)

being Ts the sampling time and [k] the current sample. As the

computation of the control signal requires high computational

cost, which is comparable with Ts, so a second-ahead of predic-

tion of the variables is required for delay compensation. This

second-ahead prediction is implemented and the rotor current

is estimated by using rotor current estimator based on Kalman

filter recently proposed in [8], [9].

C. Cost function

Once the second-step ahead prediction is obtained, an opti-

mization process is applied every sampling period, where a

cost function is minimized by a determined premise. The cost

function is considered to evaluate the stator currents tracking by

the quadratic error of the α− β (related to energy conversion)
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Fig. 3. Block diagram of the proposed speed control with the predictive-fixed current control.

and x− y (related to Joule losses) sub-spaces of the system as

follows:

gj [k+2|k] =
(

i
∗
αs[k+2] − i

p

αs[k+2]

)2

+
(

i
∗
βs[k+2] − i

p
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)2

+ λx

(

i
∗
xs[k+2] − i

p

xs[k+2]

)2

+ λy

(

i
∗
ys[k+2] − i

p

ys[k+2]

)2

(7)

where gj is the cost function of each combination voltage space

vector (see Fig. 2), λx and λy are tuning parameters which give

more importance to α−β or x−y sub-space, i∗s[k+2] is a vector

containing the reference for the stator currents and i
p

s[k+2] is the

second-ahead predicted stator currents.

D. PCC-fixed implementation

The PCC technique determines an optimal vector Sopt through

the minimization of the cost function in (7). Then, the PWM

method uses the optimal vector and the VSD theory to calculate

the duty cycles as follows:

τ =
1

2
+

3

4
M[Sopt] (8)

where τ =
[

τa, τb, τc, τd, τe, τf
]T

and M[Sopt] is

the ideal six-phase VSI model with the optimal vector selected.

The duty cycles, presented as τ , are related with the VSI output

and are normalized between 0 and 1. This procedure can be

analyzed as a systematic application in one sampling period of

the optimal combination of the optimal vector and a null vector

in order to minimize the stator current error in α−β and x− y

sub-spaces [11].

E. Optimizer

The proposed predictive model needs to include all 64 possibili-

ties to consider all possible voltage vectors. But Fig. 2 shows

the redundancy of the switching space vectors by showing only

49 different vectors (48 active and 1 null). This approach is

commonly considered as the optimal solution. Now, for a generic

multiphase machine, where n is the phase number and ε is the

search vector space (49 for the six-phase IM), the proposed

optimization algorithm generates the optimal switching signal

set S
opt and then it applies a modulation technique based on

PWM to obtain a fixed switching frequency response.

Algorithm 1 Proposed optimization of the algorithm

1. comment: Algorithm initial values.: gjo :=∞, i := 1
2. while i ≤ ε do

3. Si ← Si,j ∀ j = 1, ..., n
4. comment: Calculate the stator voltages. Eqn. (1).

5. comment: Calculate the prediction of the measurement

stator current states Eqn. (6).

6. comment: Calculate the prediction of the unmeasurable

rotor current states applying the method proposed in [8], [9].

7. comment: Calculate the second-ahead prediction of the

stator currents X̂[k+2|k].
8. comment: Minimize the cost function. Eqn. (7).

9. if gj < gjo then

10. gjo ← gj , Sopt ← Si

11. end if

12. i := i+ 1
13. end while

14. comment: Calculate the modulation indices through the

selected optimal vector. Eqn. (8).
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TABLE I
ELECTRICAL AND MECHANICAL PARAMETERS

Six-phase IM

PARAMETER SYMBOL VALUE UNIT

Stator resistance Rs 0.62 Ω

Rotor resistance Rr 0.63 Ω

Stator inductance Lls 0.0064 H
Rotor inductance Llr 0.0035 H
Magnetizing inductance Lm 0.0666 H

System inertia Ji 0.27 kg·m2

Viscous friction coefficient Bi 0.012 kg·m2/s
Nominal frequency fa 50 Hz
Number of pole pairs p 3 –
Electrical Power Pw 15 kW

4. SIMULATION RESULTS

A MATLAB/Simulink simulation program has been designed

for a six-phase IM fed by a six-phase VSI in order to analyze

the proposed PCC with fixed switching frequency for WECS.

Numerical integration using first order Euler’s discretization

method has been applied to compute the evolution of the state-

space variables in the time domain. Table I presents the mechan-

ical and electrical parameters for the six-phase IM. The mean

squared error (MSE) and the total harmonic distortion (THD)

have been used as indices of performance for the controller. The

MSE is computed as:

MSE(iφs) =

√

√

√

√

1

N

N
∑

j=1

(iφs − i∗φs)
2 (9)

where N is the number of samples, iφs the measured stator

currents, i∗φs the stator current references and φ ∈ {α, β, x, y}.
As for the THD is computed as follows:

THD(is) =

√

√

√

√

1

i2s1

N
∑

j=2

(isj)2 (10)

being isj the harmonic stator currents and is1 the fundamental

stator current.

The efficiency of the proposed PCC technique for the six-phase

IM has been tested, under a fixed load torque. For every case, a

sampling frequency of 10 kHz, the clock modulator frequency

equivalent to 1 MHz, a torque load of 15 Nm and a fixed

dynamic reference current (i∗ds = 1 A) have been used. In

Fig. 4 it is shown the switching voltage output for phase a in

a period of time and a THD analysis of iαs, which presents

the harmonics amplitude values, highlighting the values for

the frequency switching and its multiples. Fig. 5 shows the

trajectories of the measured stator currents in the α − β and

x − y sub-spaces for a reference amplitude of 9.13 A and a

frequency of 9.7 Hz.

Then in Fig. 6, it is shown results regarding the rotor speed

tracking and the stator currents behavior. The six-phase IM was

tested with a low speed of 200 rpm connected to a torque

load of 15 Nm. The stator currents show a stable behavior,

even in the transient condition. For a efficiency analysis, it was

Fig. 4. THD analysis of the measured current iαs. Simulation results
for current amplitude of 9.13 A and a frequency of 9.7 Hz.

Fig. 5. Stator currents in α − β and x − y sub-spaces for current
frequency of 9.7 Hz and an amplitude of 9.13 A.

calculated the MSE to show that the proposed algorithm has

an optimal response for low speed conditions and a connected

full load. The obtained MSE, for a fixed speed reference of

200 rpm, are 0.7891 A, 0.7481 A and 0.845 rpm for iαs, iβs
and ωr respectively. Finally in Fig. 7, it is presented a rotor

speed tracking with a reversal condition, showing the response

of the speed control algorithm and the PCC tracking of the stator

currents in the α− β sub-space.
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Fig. 6. Simulation results for a fixed speed reference ω∗
r condition of

200 rpm.

Fig. 7. Simulation results for a fixed speed reference ω∗
r of 100 rpm

and a reversal condition.

5. CONCLUSION

In this paper, a speed control with an inner predictive-fixed

current predictive control is proposed. One of the main disad-

vantages of traditional finite-control-set model-based predictive

controller is its variables switching frequency. This paper solves

this issue by combining the predictive controller with a pulse

width modulator. The efficiency of the proposed method is

confirmed by the presented simulation results. The proposed

controller exhibits excellent performances in steady state as

well as in dynamic process. Furthermore, the average switching

frequency of the proposed method is even lower than the con-

ventional predictive controller, which means smaller switching

losses. Considering that the proposed controller only introduces

the computation of the duty cycles, the extension to conventional

and n-phase cases is easier than other conventional methods.
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