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SUMMARY
This paper describes speed control of wound-rotor induction motor using the slip energy recovery principle. The

proposed drive system uses a matrix converter to extract the slip energy from the rotor into the mains instead of using
converter cascade. The system enables the motor to be operated at both subsynchronous and supersynchronous
regions. Comprehensive simulation results are given to demonstrate transient and steady state operation of the drive
system.
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1. INTRODUCTION

The operation of an induction motor in slip energy
recovery drive system at subsynchronous and
supersynchronous speeds is well known. One known
as Scherbius drive employs doubly-fed wound-rotor
induction motor using AC-DC-AC converter in the rotor
circuit [1]. Such a scheme requires a low rating
converter for handling rotor slip power. However, the
converter requires two-stage power conversion, namely
rectification and inversion which demands a
complicated control strategy and large DC link
capacitors, making the system bulky and expensive. In
addition, the system allows the motor to operate only
at subsynchronous speed region if an uncontrolled
rectifier is used in the converter cascade. This
restriction can be eliminated by using two phase-
controlled thyristor bridges, one operating at slip
frequency as a rectifier or inverter, while the other
operates at mains frequency as an inverter or rectifier
[2]. But, a difficulty is experienced near synchronism
when the slip-frequency emfs are insufficient for

natural commutation. In this case, devices with a self-
turn-off capability are necessary for the passage
through synchronism. Attractive solution is to use
back-to-back PWM converter connected between rotor
side and mains [3]. In such a configuration sinusoidal
currents can be obtained from both the stator and rotor
windings. However, complex control strategy for
converter cascade and large DC link capacitors make
the system bulky and costly.

Another approach in achieving bidirectional power
flow in the cascade circuit is to use a line-commutated
cycloconverter in which the AC power conversion is
performed in a single-stage. The cycloconverter must
be controlled so that the frequency of the injected slip-
ring voltages follows the rotor slip frequency. With the
cycloconverter cascade for slip energy recovery it is
possible to operate at both subsynchronous and
supersynchronous speed regions [1]. However, the
cycloconverter, of which the output voltage is
composed a great deal of harmonics and the power
factor at the input side is very low due to natural
commutation bringing a series harmonic pollution to
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both the supply and the motor [4]. In addition, in the
line-commutated cycloconverter the maximum rotor
frequency is approximately three to one of the supply
frequency with near-sinusoidal frequency voltage and
current. This corresponds to operation at 67 % of
synchronous speed.

In this paper, a matrix converter is used to control
the rotor-side currents of wound-rotor induction motor.
Such a configuration can offer the advantages given
by its back-to-back counterpart while converting AC
power in a single stage and eliminating the large DC
link capacitor. In addition, the control scheme required
by a direct AC-AC conversion scheme is simpler than
that used by a two-stage power conversion [5]. The
maximum rotor frequency limitation in the
cycloconverter cascade is also eliminated by using the
matrix converter.

This paper presents a simulation study of a matrix
converter controlled wound-rotor induction motor for
variable speed applications.

Low speed operation of a wound-rotor induction
motor can be simply obtained by the introduction of
external rotor resistance to dissipate the slip power.
Variation of the external resistance can be provided
either mechanically in discrete steps or statically and
steplessly by a high-frequency chopper. However, it is
not essential that the slip power is dissipated in the
external rotor resistance. It can be removed from the
rotor circuit and utilized externally, with the result of
improving the overall efficiency of the drive system.
Such a drive system is shown in Figure 1 where the
slip power is taken from the rotor circuit and given to
the grid via the matrix converter. The proposed drive
system combines a matrix converter and a wound-rotor
induction motor in a slip energy recovery drive system
as shown in Figure 1.

This drive system finds an important place in wind-
power generation applications where variable-speed
constant frequency scheme produces electricity for a
wide range of wind speeds.

2. MATRIX CONVERTER AND ITS
SIMULINK MODELLING

The matrix converter is the most general converter-
type in the family of AC-AC direct converters. On the
one hand, the matrix converter fulfils the requirements
to provide a sinusoidal voltage at the load side, on the
other hand it is possible to adjust unity power factor on
the mains side under certain conditions [6]. Since there
is no DC link like in common converters, the matrix
converter can be built as a full-silicon structure.
However, a mains filter is necessary to smooth the
pulsed currents on the input side of the matrix converter.
Using a sufficiently high pulse frequency, the output
voltage and input current are both shaped sinusoidally.

The matrix converter is an alternative to an inverter
drive for 3-phase frequency control. The converter
consists of nine bi-directional switches arranged as
three sets of three so that any of the three input phases
can be connected to any of the three output lines as
shown in Figure 1. The switches are then controlled in
such a way that the average output voltages are a three
phase set of sinusoids of the required frequency and
magnitude [7]. The matrix converter can comply with
four quadrants of motor operations, while generating
no higher harmonics in the three-phase AC power
supply. The circuit is inherently capable of bi-
directional power flow and it also offers virtually
sinusoidal input current, without the harmonics usually
associated with present commercial inverters.
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Fig. 1  Slip energy recovery drive system with a matrix converter
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The Venturini algorithm [6] has been used to control
the matrix converter. The modulation algorithm
provides the method for controlling the input
displacement factor of the converter as well as for
achieving the possible maximum output voltage. A
simplified form of the Venturini algorithm proposed in
[8] provides a control algorithm with unity input
displacement factor and it is suitable for real time
implementation.

For unity input displacement factor the duty cycle
for the switch connected between the input phase, β
and output phase, γ can be defined as:

( ) ( )r is
i i2

im m

2V VT 2qt 1 sin t sin 3 t
3 V 3q

γ β
βγ βω ψ ω

⎡ ⎤
= + + +⎢ ⎥

⎣ ⎦
(1)

where ψβ is: 0, 2π/3 and 4π/3 correspond to the input
phases A, B and C, respectively, qm is maximum
voltage ratio, 0.866, q is the desired voltage ratio, Vim
is the input voltage vector magnitude, Ts is the sampling
period which is taken 500 µs, Viβ  is the input phase
voltage and Vrγ is given by:

( )
( ) ( )

r im o

im o im i
m

V qV cos t

q 1 qV cos 3 t V cos 3 t
6 4 q

γ γω ψ

ω ω

= + −

− +
(2)

where ψγ is: 0, 2π/3, 4π/3 corresponding to the output
phases a, b, c, respectively. Note that the desired

output voltage has third harmonic components at the
input and output frequencies added to it to produce
Vrγ.. This is a requirement to get the maximum possible
voltage ratio [7]. Equations (1) and (2) are used for the
duty cycle calculation of the switches in the matrix
converter.

The simulink model of the matrix converter is
given in Figure 2. The model consists of six main
blocks. The blocks in the first column implement
the equations of the Venturini algorithm to generate
PWM signals for the power devices in the
converter. The blocks “SPA”, “SPB” and “SPC”
represent the signal generations for the switches
of output phases a, b and c, respectively. The
measured line voltage signals VAB  and VBC are
input to the blocks, SPA, SPB and SPC in which
the phase voltages VA, VB and VC are calculated
and then used in Eq. (1). The clock signal is used
for generating the carrier signal to be used in PWM
implementation. On the other hand, the target
output voltage vector, Vrabc  is used in Eq. (2). The
blocks “MCA”, “MCB” and “MCC” in the second
column of Figure 2 represent the power circuit of
the matrix converter each having three bidirectional
switches. Three-phase input voltage and PWM
signals are input to those blocks. Output of the
blocks feeds a three-phase load, in our case it is
the rotor windings of a slip-ring induction motor.

Fig. 2  Simulink scheme of a three-phase matrix converter
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Figure 3 illustrates a detail Simulink representation
of one output phase of the matrix converter. A detailed
explanation of each block in Figure 3 can be found in
[9]. Implementation of the other two output phases is
the same as in Figure 3 except for 120 ° displacement.

3. MODELING OF WOUND-ROTOR
INDUCTION MOTOR

A mathematical equation set of a wound-rotor
induction motor for the Simulink model is required.
The motor’s voltage equations in α−β reference frame
can be given as [10]:

s
s s s

r
r r r

d
V R I

dt
d

V R I
dt

αβ
αβ αβ

αβ
αβ αβ

Ψ

Ψ

= +

= +
(3)

where Vsαβ, Vrαβ, Isαβ, Irαβ, Ψsαβ and Ψrαβ are the
stator and rotor voltage, current and flux vectors,
respectively. Diagonal matrices Rs and Rr are the
resistances of the stator and rotor phase windings. The
stator and rotor fluxes are:

r

r

j
s s s m r

j
r r r m s

L I L I e

L I L I e

θ
αβ αβ αβ

θ
αβ αβ αβ

Ψ

Ψ −

= +

= +
(4)

where Ls and Lr are the stator and rotor self
inductances and Lm is the mutual inductance. θr is the
electrical position of the rotor. From Eq. (4) stator and
rotor currents can be found as:

( )

( )

r

r

j
s r s m r

s r

j
r s r m s

s r

1I L L e
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1I L L e
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Ψ Ψ
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Ψ Ψ
σ

−

= −

= −
(5)

where the leakage coefficient, σ is:
2

s r m

s r

L L L
L L

σ
−

= (6)

Equation (3) can be split into α−β components as:

s
s s s

s
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d
V R I

dt

α
α α
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(7)
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Ψ
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The flux components are derived from Eqs. (7) and 8):

( )
( )
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( )
( )

r r r r

r r r r

V R I  dt

V R I  dt

α α α

β β β

Ψ

Ψ
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∫
∫

(10)

Equation (5) can be split into α−β components as:

Fig. 3  Detail Simulink representation of one output phase
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The produced torque of the motor in α−β terms is
given [10]:

( ){ }r
*j

e m s r
PT 3 L Im I I e
2

θ
αβ αβ= (13)

where Im{ } shows the imaginary part and * is the
complex conjugate. Therefore:

( ) ( )e m s r s r r s r s r r
PT 3 L I I I I cos I I I I sin
2 β α α β α α β βθ θ⎡ ⎤= − − +⎣ ⎦

(14)
Mechanical dynamic equation of the motor is:

r
e L v m

d2J T T f
P dt

ω
ω= − − (15)

where J is inertia; P is pole number; ωr is electrical
angular speed; TL is load torque; fv is friction and
ventilating coefficient which was ignored and ωm is
mechanical angular speed. From Eq. (15) electrical
angular speed can be expressed as:

( )r e L v m
P T T f  dt

2J
ω ω= − −∫ (16)

The rotor position is then calculated from above
equation as:

r ro rdtθ θ ω= + ∫ (17)

where θro is the initial position of the rotor.
Hence, the Simulink model of the wound-rotor

induction motor shown in Figure 4 is obtained using
Eqs. (9), (10), (11), (12), (14,) (16) and (17), which
are the machine’s equation set.

4. SPEED OPEN-LOOP CONTROL OF A
SLIP-RECOVERY DRIVE SYSTEM

Voltage, flux and the electromagnetic torque
equations of the motor given in Eqs. (3), (4) and (13)
represent the motor dynamic in both transient and
steady-state. Steady-state equations of the motor can
be derived by some algebraic manipulations using
these equations as:

( ) ( )

( )

s s ls s m s r

r r r lr r m s r r

V R jX I jX I I

1 s 1 sV R R jX I jX I I V
s s

= + + +

− −⎛ ⎞= + + + + −⎜ ⎟
⎝ ⎠

(18)
and:

{ }*
e m s r

PT 3 L Im I I
2

= (19)

where Vs, Vr, Is  and Ir are the stator and rotor voltage
and current vectors, Xls and Xlr are the stator and rotor
leakage reactances, respectively, Xm is the mutual
reactance, and s is the slip.

Fig. 4  Simulink model of the wound-rotor induction motor
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Note that the following relations have been used
for the sake of simplicity in deriving Eq. (18):

s s r r m m

ls s m lr r m

r r
r r r r

X L    ;   X L    ;   X L
X X X    ;   X X X
R V1 s 1 sR R    ;   V V
s s s s

ω ω ω= = =

= − = −

− −
= + = +

(20)

where ω is angular frequency of the source and Xs, Xr
are the stator and rotor self reactances respectively.
From the steady-state equations the well known
conventional per-phase equivalent circuit can be
illustrated as in Figure 5.

In the speed control of a wound-rotor motor
connected to the AC utility, if the rotor resistance
control is performed by introducing external resistance
there is a requirement for the calculation which external
rotor resistance will be used. This is done by
considering the equivalent circuit in Figure 5 and
taking into account the load torque. The fundamental
power delivered to the rotor across the air gap, Pag is
divided between the mechanical power output, Pmech
and the rotor copper loss, P2 [2]. The following
equations can be derived from Figure 5:

2 ag

mech ag

ag e

P sP
P (1 s )P

2P T
P
ω

=

= −

=
(21)

From above equations it is obvious that, for instance,
at half synchronous speed, the air gap power is divided
equally between mechanical power output and rotor I2R
loss giving an overall efficiency less than 50 % when
considering stator losses. Therefore, the introduction of
external rotor resistance for speed control is inherently
inefficient especially at low speed operations. However,
the slip power (P2) can be recovered and it is not
essential that this power is dissipated in resistance losses,
because it can be removed from the rotor circuit and
utilized externally, thereby improving the overall
efficiency of the motor. The slip-frequency voltage drop
in the external rotor resistance corresponds to the
injected voltage which is required to extract the slip
power into the AC utility. The main problem is to provide
a suitable emf source that the frequency of the injected
voltage must match the slip frequency at all motor
speeds. In this study the emf source is provided by a
matrix converter.

In Figure 6 speed-torque characteristics of a
wound-rotor induction motor for various external rotor
resistances and constant load torque have been drawn
by using the equivalent circuit. In addition, the rotor
voltages, Vr which correspond to the voltage drops in
the external rotor resistances have been calculated and
used to obtain the speed-torque characteristics as given
in the same figure.

In Figure 6, for instance, if 22.74 Ω of an external
resistance is introduced in the rotor circuit, the rotor
speed will operate at 1000 rpm for 10 Nm of a load
torque. This causes sPag of heat dissipation in the rotor
circuit. Instead of using this external resistance, 59.73
V of Vr is applied to the rotor circuit in which the same
operating point is obtained as labeled “A” in the figure.
Similar results can be obtained for the operating points,
“B” and “C”.

For the control of the slip recovery drive system,
Matlab/simulink [11] block diagram is given in Figure 7.
The mains which are represented by the block “Source”
are applied to the input of matrix converter represented
by the block “Matrix Converter” and to the stator
windings of the motor represented by the block
“Ind_Motor”. To calculate the target output rotor
voltages, the reference speed and three-phase rotor
currents are required and they are an input to the block
“Vr_Target_Out” where three-phase rotor voltages are
outputs. While rotor currents are used to determine the
rotor frequency, reference rotor speed is used to
determine rotor voltage amplitude from steady-state
equivalent circuit. Taking into account the load torque,
the rotor voltage to be applied for a reference rotor speed
can be calculated from the steady-state equivalent circuit
according to the equations given below:

( ) ( )2 2
o s r s r m

22
m s2

1 s m
L

2 2
2 s s

A R X X X X

3X V
A 2R X

T ( 2 / p )
A R X

ω

= + −

= −

= +

(22)

2
1 2 oA 4 A A∆ = − (23)

1
e r

2

AR s R
2A

∆− +
= − (24)

m s
r e 2 2

X V
V R

a b
=

+
(25)

( ) 2
s e r s r ma R R R / s X X X= + − +

( )s r s e rb R X X R R / s= + +

where Ao, A1, A2 and ∆ in Eqs. (22) and (23) are the
coefficients used for the calculation of the rotor
external resistance, Re in Eq. (24). Then, the
corresponding voltage drop Vr is calculated by Eq.
(25). From Eqs. (24) and (25) it can be concluded that
if the load torque is considered constant the required
external resistance Re and therefore voltage drop Vr
are proportional to the motor speed.

Once the rotor voltage target outputs of the matrix
converter for a reference speed are determined, these
signals with the measured line voltages are an input to
the block represented by “Signal Process” in Figure 7
where the PWM signals are generated for the power
switches of block, “Matrix Converter”.
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Fig. 7  Block diagram of the slip recovery drive system
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5. SIMULATION RESULTS

Simulation results have been taken for various
operating conditions. First, the motor has been
operated with a speed reference of 500 rpm following
steady-state operation and finally the speed reference
was increased from 500 rpm to 1000 rpm. The
corresponding simulation results are given in Figures
8 and 9. As it can be seen from Figure 8 the motor
speed follows the reference speed command. In
Figure 9(a), the rotor current and the applied rotor
voltage are in opposite phase which is the
requirement for slip energy recovery drives. Figure 9
(a and b) shows the input current and voltage
waveforms of the matrix converter. Here, it is
obviously seen that the converter performs two
functions; by taking the slip energy from the rotor into
the mains and applying the required rotor voltage
corresponding to the reference speed. In Figure 9(c),
the recovered power, input and mechanical powers
of the motor are shown where the recovered power
varies with the rotor speed. As it can be seen the
recovered power at 500 rpm is higher than that of
1000 rpm since the recovered power is inversely
proportional to the speed.

Similar results have been taken at 5 Nm and 10 Nm
load torques to demonstrate the machine’s behaviour
in acceleration, steady-state and deceleration modes.
In Figure 10, the motor accelerates to 1200 rpm with 5
Nm load torque and in steady-state operation the load
torque is increased to 10 Nm at instant, 0.4 second.
The corresponding rotor speed slightly decreases and
then recovers quickly since the applied reference
voltage remains constant. The reference speed is
changed to 550 rpm at the instant of 0.5 second as
shown in Figure 10(a). The corresponding rotor
current and voltage, input voltage and current of the
matrix converter and motor powers are illustrated in
Figure 11. Again, increasing the load torque and
decreasing the motor speed will increase the recovered
power as shown in Figure 11(c).

Note that the simulation results illustrated so far were
taken at subsynchronous region. The results shown in
Figures 12 and 13 have been taken at supersynchronous
region. In Figure 12, the reference speed is given as 1500
rpm under 10 Nm load torque. The motor accelerates
and reaches the reference speed command. Under
supersynchronous operation the motor requires energy
both from the stator and rotor as shown in Figure 13.
The voltages and currents both of the rotor and matrix
converter are in phase which proves that the motor
operates at supersynchronous region.

Fig. 8  Simulation results for acceleration and steady-state modes at 10 Nm constant load torque:
(a) Rotor speed; (b) Motor torque; (c) Stator current
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Fig. 9  Simulation results for acceleration and steady-state modes at 10 Nm constant load torque: (a) Rotor current and voltage;
(b) Converter input voltage and current; (c) Motor input and output powers, recovered power
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Fig. 10  Simulation results for acceleration and deceleration modes at various load torques:
(a) Rotor speed; (b) Motor torque; (c) Stator current
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Fig. 11  Simulation results for acceleration and deceleration modes at various load torques: (a) Rotor current and voltage;
(b) Converter input voltage and current; (c) Motor input and output powers, recovered power
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Fig. 12  Simulation results for acceleration and steady-state modes at 10 Nm constant load torque in supersynchronous region:
(a) Rotor speed; (b) Motor torque; (c) Stator current
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 Fig. 13  Simulation results for acceleration and steady-state modes at 10 Nm constant load torque in supersynchronous region: (a)
Rotor current and voltage; (b) Converter input voltage and current; (c) Motor input and output powers, external rotor input power
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6. CONCLUSIONS

The speed open-loop control of wound-rotor
induction motor using the slip energy recovery principle
has been modelled and simulated in Matlab/Simulink.
In the drive system a matrix converter has been used
to extract the slip energy from the rotor into the mains
in subsynchronous region, and to supply the rotor in
supersynchronous region. It has been shown that the
use of the matrix converter in the drive system has the
advantages of single stage power conversion, operation
in both subsynchronous and supersynchronous speed
regions, sinusoidal voltage and current waveforms and
simpler control scheme than other converters used
instead.

It has been demonstrated with simulation results
that the matrix converter drive system operates
efficiently at subsynchronous speeds where the slip
power is transferred from rotor windings to the mains
through the matrix converter with sinusoidal currents
and voltages. Simulation results have also shown that
the system allows the machine to operate at
supersynchronous speeds, as well.

APPENDIX

− The parameters of the wye connected wound-rotor
induction motor are:
1.5 kW, 380 V, 4 A, 1500 rpm, with 10 Nm torque.

− Rotor inertia: 0.05 kg.m2, pole numbers: 4.
− Stator and rotor resistances: 2.33 Ω and 2.55 Ω,

respectively.
− Stator and rotor self inductances: 0.213 and 0.22

H, respectively.
− Mutual inductance: 0.2 H.
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