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Abstract—Predictive current control methods for forced-
commutated converters, e.g., voltage source inverter, are well doc-
umentated and they perform very well compared with the clas-
sical solutions, i.e., hysteresis control and proportional-integral
controllers with pulsewidth modulation. This paper presents
a strategy to implement a predictive control technique for a
naturally-commutated converter, e.g., multipulse cycloconverter.
This strategy uses a discrete-time model of the system to predict
the future value of the load current for all possible output voltages
of the converter. Since in a naturally-commutated converter the
possible output voltages are dynamic and they depend on the
present switching state of every semiconductor of the converter,
these output voltages must be obtained from a mathematical
model (finite-state machine) of the converter. The proposed cur-
rent control strategy is tested. The simulation and experimental
results show that a predictive control strategy can be used
not only in applications with forced-commutated converters but
also with naturally-commutated converters showing good electric
performance.

Index Terms—Predictive Control, Cycloconverter, naturally-
commutated converters, Thyristors.

I. INTRODUCTION

Control strategies for electric converters is one of the
main subjects in power electronics and has become a well
documentated topic for many different converters. Hysteresis
(nonlinear method) and proportional-integral (PI) controllers
using pulsewidth modulation (PWM) has been extensively
studied and they are considered as the classical solution for
the drive control problem [1].

The development of powerful microprocessors has increased
the interest in predictive current control [2], [3]-[5], [20]- [21].
In this method (model-based predictive method), load and
converter models are used to predict the electric behaviour of
the system, and thereby select the most appropiate actuation
following an arbitrary control criteria. This strategy has been
used in many applications like current control for inverters
[6], rectifiers and active filters with promising results [8], [17],
[18].

In the last few decades the field of high-power drives has
shown a great development, mainly because all industrial
processes have been increasing their power demand in way
to achieve a large-scale economy. Multipulse cycloconverters
(a naturally-commutated converter) represent one of the most

preferred solutions for high-power applications. This is way,
cycloconverters are still a concern for the engineering com-
munity [9], [13], [14].

The main topic of the existing literature is related to predic-
tive current control for applications with forced-commutated
converters (e.g. IGBT and IGCT semiconductors). In these
applications, the predictive control strategy is based on the
fact that only a finite switching states can be generated by the
converter and all this switching states can be achievable in
any time. Thus, the converter models used in this applications
are quite simple. In fact, in many predictive current control
applications the converter is simply modeled as a gain [2]. Pre-
dictive control strategies for naturally-commutated converters,
e.g. multipulse cycloconverters with thyristors, need a different
converter model, because the switching state of the converter
is not fully controlled and the output voltage depends on the
input voltage of the converter.

In this paper, a finite-state machine is used to model a mul-
tipulse cycloconverter. With this model it is possible to imple-
ment a predictive control strategy for a naturally-commutated
converter. This new sinergy between model predictive control
(MPC) and naturally-commutated converters may result in an
improvement in high-power applications where these types
converters are still the preferred choice to feed high-power
electric machines.

Section II shows the implementation of a predictive control
strategy for a force-commutated converter. Section III shows
the proposed method to implement a predictive control strategy
for a naturally-commutated converter, in this case for a 12-
pulse cycloconverter. Also, this section discusses the difference
in the modelling process for a forced and a naturally-converter.
Finally, simulation and experimental results are presented to
validate the proposed method.

II. PREDICTIVE CURRENT CONTROL FOR
FORCED-COMMUTATED CONVERTERS.

Predictive control technique for applications with forced-
commutated converters is based on the fact that the converter
can generate a finite number of output voltages, each one
related with a specific switching state. The model predic-
tive control (MPC) algorithm predicts the behaviour of the
variables for each switching state. The optimum switching
state is obtained due to a selection criteria represented by a
quality function [7]. The switching state that minimize this
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Fig. 1. Predictive current control for forced-commutated converters.

quality function is applied to the converter. Basically, the MPC
consists on three stages:

• Model of the converter (section II.A).
• Model of the system (section II.B).
• Control criteria, quality function.

The predictive current control block diagram for a electric
machine is presented in Fig. 1. This control strategy can be
summarized as follows.

1) The value of the reference current i∗[k] is obtained
from an outer control loop and the load current i[k] is
measured.

2) The model of the system is used to predict the value of
the current for the next sampling interval i[k+ 1]. Each
possible output voltage of the converter is related with
a specific switching state and a future current i[k + 1].

3) The quality function g, see equation (1), is evaluated
for all the possible switching states, each one related
with a specific output voltage. The switching state
that minimizes g is selected. The quality function may
consider not only the current error (|i[k+1]−i∗[k]|), but
also any other interesting control variable like common
voltage mode, switching frequency, etc. These variables
are represented by the function G(·). The parameters λi
represent the weight factor of the control criteria.

g = λ1 · |i[k + 1]− i∗[k]|+ λ2 ·G(·) (1)

4) The gating signals are sent to the converter to acomplish
the switching state that minimizes the quality function
g.

A. Voltage source inverter model.

Fig. 2 shows the power circuit of a voltage source inverter.
The gating signals gi (with i = {1, 2, ..., 6}) establish the
switching state and the output voltage of the converter. Table
I shows the relationship between the switching state of every
semiconductor and the output voltage of the inverter.

Table I shows that the inverter has eight possible switching
states, and consequently eight voltage vectors, two of them are
redundant (v0 and v7). Therefore the inverter can be modeled
as a nonlinear discrete system with seven possible output
voltages. These voltages are shown in Fig. 3.

TABLE I
SWITCHING STATES OF A VOLTAGE SOURCE INVERTER.

Voltage
Vector Gating Signals Output

Voltage

vi g1 g2 g3 g4 g5 g6 VaN VbN VcN

v0 off off off on on on 0 0 0
v1 on off off off on on Vdc 0 0
v2 off on off on off on 0 Vdc 0
v3 on on off off off on Vdc Vdc 0
v4 off off on on on off 0 0 Vdc
v5 on off on off on off Vdc 0 Vdc
v6 off on on on off off 0 Vdc Vdc
v7 on on on off off off Vdc Vdc Vdc

Fig. 2. Voltage source inverter.

B. Machine model.

A model of the electric machine is needed to predict the be-
haviour of the variables evaluated by the quality function. This
paper considers a permanent magnet synchronous machine
(PMSM) as the system to control, because of the simplicity
of its mathematical model. It is important to clarify that the
way to implement a predictive control strategy is practically
the same for the all basic rotating electric machines types.
Equations (2-4) represent the dynamic model of a PMSM in
orthogonal αβ coordinates.

diα
dt

= −Rs
Ls
iα +

ϕm
Ls

ωr sin θr +
1

Ls
vα (2)

diβ
dt

= −Rs
Ls
iβ −

ϕm
Ls

ωr cos θr +
1

Ls
vβ (3)

dθr
dt

= ωr (4)

Where:
• iα, iβ : Stator currents in αβ coordenates.
• vα, vβ : Output voltage of the inverter in αβ coordenates.
• Rs, Ls: Stator resistance and inductance.
• ϕm: Magnetic flux produced by the permanent magnets.
• ωr, θr: Rotor angle and speed.
A discrete-time model (with a sampling time h) of the

machine can be used to predict a future condition of the system
measuring the stator currents in a kth sampling instant.
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Fig. 3. Voltage vectors generated by the inverter.

With the approximation:

di

dt
≈ i[k]− i[k − 1]

h
(5)

And using the equations (2-4), the future stator currents
in orthogonal αβ coordinates can be determinated by the
following equations.

iα[k + 1] = iα[k]+ (6)

h ·
(
− 1

τs
iα[k] +

ϕm
Ls

ωr[k] sin θr[k] +
1

Ls
vα[k]

)

iβ [k + 1] = iβ [k]+ (7)

h ·
(
− 1

τs
iβ [k]− ϕm

Ls
ωr[k] cos θr[k] +

1

Ls
vβ [k]

)

C. Predictive current control algorithm for a forced-
commutated converter.

The predictive control algorithm consists of the following
steps.

1) The reference current i∗[k] is obtained from an outer
control loop.

2) The stator current i[k] and the rotor angle are measured
θ[k].

3) With equations (6-7) and Table I the seven possible
future currents i[k + 1] are predicted.

4) The voltage vector that minimizes the quality function
g is selected.

5) The gating signals, related with the optimum switching
state, are sent to the converter.

6) The sequence of steps is repeated.

III. A PREDICTIVE CURRENT CONTROL STRATEGY FOR A
12-PULSE CYCLOCONVERTER.

The multipulse cycloconverter (CCV) is one of the most im-
portant naturally-commutated converters and it is the selected
alternative for numerous high power low speed applications
[10]-[12]. The CCV consists on an arrangement of several
Silicon-Controlled Rectifier (SCR) bridges (Fig. 4) connected

Fig. 4. SCR rectifier.

Fig. 5. The 12-pulse Cycloconverter, free circulating current configuration.

on a back-to-back configuration. The proposed predictive
current control method presented in this paper can be used
for any multipulse cycloconverter, from 6-pulse to 24-pulse
configuration. The 12-pulse CCV is one of the most common
configurations in high-power applications and stills represents
a major concern for the engineering community [13]-[16],
thus this paper presents the predictive control strategy for this
particularly multipulse cycloconverter.

A. 12-Pulse Cycloconverter model

Fig. 5 shows the power circuit of the 12-pulse Cyclocon-
verter with free-circulating current configuration [19]. The
CCV has four SCR bridges per phase, two of them connected
in series (positive bridges) and the other two connected in
a back-to-back configuration (negative bridges). The positive
bridges conduct the positive cycle of the load current, see Fig.
5, and the negative bridges conduct the negative cycle of the
load current (free circulating current configuration). The power
transformers of the CCV have a delta-wye connected windings
on its secondary to achieve a 12-pulse behaviour for the output
voltage.

As previously mentioned, forced and naturally-commutated
convertes cannot be modelated in the same way. Section
(II.A) shows a model for a voltage source inverter (forced-
commutated converter), which consists in a discrete system
with seven possible output voltages, where each one is eval-
uated by the quality function. A multipulse cycloconverter
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TABLE II
CONDUCTING STATES FOR A SCR RECTIFIER

Conducting State Conducting Thyristors Output Voltage

1 T1-T2 -Vca
2 T2-T3 Vbc
3 T3-T4 -Vab
4 T4-T5 Vca
5 T5-T6 -Vbc
6 T6-T1 Vab

Fig. 6. State machine for a SCR rectifier. Ig gatting signals.

(naturally-commutated converter) cannot be modelated in the
same way for two main reasons:

1) Thyristors are not fully controlled semiconductors.
Hence, the switching state of a cycloconverter cannot
be completely controlled.

2) The output voltage of a CCV does not depend only by
the gating signals of every thyristor, but also by the input
voltage of the converter.

This paper propose a finite state machine model for the
SCR bridge, which represents the essencial unit of a multipulse
cycloconverter.

A SCR bridge, see Fig. 4, has six admissible switching
states. Table II shows the relationship between these admissi-
ble switching states and the output voltage in a SCR bridge.
With these switching states the SCR bridge can be modelated
as a finite state machine. The proposed model has six states,
each one related with one of the six admissible switching
states, see Fig. 6. The natural commutation sequence of a SCR
bridge is {1, 2, 3, 4, 5, 6, 1, 2, ...}. The variables that determine
the next switching state in a SCR bridge are:

1) The gating signal of a particularly thyristor, Ig in Fig.
6.

2) The sign of a particularly input line to line voltage.
For example, if a SCR bridge is in the swtiching state 3

(thyristors T3 and T4 ON state), the bridge will pass to the
switching state 4 only if two conditions are met: a) the input
line to line voltage Vbc is negative and b) the gating signal Ig5
triggers thyristor T5.

A 12-pulse cycloconverter has two SCR bridges working at
the same time (free circulating current configuration). Each
bridge has two alternatives: a) stay in the same switching
state (represented by S on table III) or b) pass to the next
swtiching state (represented by S+ 1). Table III shows the 64
possibles future switching states for a 12-pulse cycloconverter.
Each of these switching states must be evaluated by the quality

TABLE III
POSSIBLE FUTURE CONDUCTING STATES

Phase A
Secondary
Windings

Phase B
Secondary
Windings

Phase C
Secondary
Windings

Case

Star Delta Star Delta Star Delta

S S S S S S 1
S+1 S S S S S 2

S S+1 S S S S 3
S+1 S+1 S S S S 4

S S S+1 S S S 5

...

S S+1 S+1 S+1 S+1 S+1 63
S+1 S+1 S+1 S+1 S+1 S+1 64

function on the next stage of the predictive control algorithm.
Some of these switching states will be neglected by the quality
function, because they may not fulfill the line to line input
voltage condition.

B. Quality Function

The quality fuction used in the proposed predictive strategy
is represented by equations (8-11).

Fc = λ1 · (idREF [k]− id[k + 1])2+ (8)

λ2 · (iqREF [k]− iq[k + 1])2+︸ ︷︷ ︸
objective 1

IdMAX + IqMAX︸ ︷︷ ︸
objective 2

+ stMAX︸ ︷︷ ︸
objective 3

IdMAX =

{
∞ if id[k + 1] > idmax
0 if id[k + 1] ≤ idmax

(9)

IqMAX =

{
∞ if iq[k + 1] > iqmax
0 if iq[k + 1] ≤ iqmax

(10)

stMAX =

{
∞ for a not allowable switching state
0 for an allowable switching state (11)

Where:
• Fc: Quality function value.
• idREF [k],iqREF [k]: Reference current in dq coordenates.
• id[k+ 1],iq[k+ 1]: Estimated currents in dq coordenates.
• idmax,iqmax: Maximum allowable current in dq coorde-

nates.
• λ1,λ2: Weight factors.
Note: The rotor angle θ is the angular displacement between

the dq coordinates and the αβ coordinates. For sufficiently
small sampling times h, idREF [k + 1] ≈ idREF [k] and
iqREF [k+1] ≈ iqREF [k] can be assumed. This approximation
is considered in equation (8).

The quality function proposed in this paper has three main
objectives:

• Objective 1: Select the switching state that minimizes the
current error.
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TABLE IV
PMSM PARAMETERS

Parameter Description Value

Rs Stator Resistance 0.3 [Ω]
Ls Stator Inductance 8.2 [mH]
J Rotor Inertia 4 [kgm2]
Tc Load Torque 10 [Nm]
B Friction Coefficient 0.002 [kgm2/s]

• Objective 2: Neglect the swtiching states that will gener-
ate over currents.

• Objective 3: Neglect the not allowable switching states
due to an incorrect line to line input voltage.

C. Predictive current control algorithm for a cycloconverter.

The predictive current control algorithm proposed in this
paper is presented as a flow diagram in Fig. 7. The main steps
of this algorithm are:

1) Measure the stator currents and reference currents from
the outer control loop.

2) Transform the measured currents from abc to αβ coor-
denates.

3) Using Tables II, III and the cycloconverter model, es-
tablish the 64 possible applicable voltages.

4) Using the discrete-time model of the electric machine,
equations (6-7). Predict the possible future currents (time
interval k + 1).

5) Transform the predicted currents from αβ to dq coordi-
nates.

6) Evaluate the quality function, equations (8-11), for all
current predictions.

7) The voltage corresponding to the predicted current for
which the quality function is minimal is applied to the
electric machine.

IV. SIMULATION RESULTS.

Simulation of a 12-pulse cycloconverter with free circulat-
ing current configuration controlled by the proposed predictive
control strategy has been carried out with Matlab/Simulink, in
order to test the compatibility between a naturally-commutated
converter and the MPC strategy and to probe that a predictive
current controller can be implemented with a speed PI con-
troller (outer-loop).

The simulation test has the following characteristics.
• The simulation system consists of a speed control of a

permanent magnet synchronous machine PMSM. Table
IV shows the considered parameters for the electric
machine.

• Two controllers: a speed PI controller (outer-loop) and a
current predictive controller (inner-loop).

• A sample time of h = 10−4[s].
• Predictive control parameters for Fc on equations (8-11):

– λ1 = 1 , λ2 = 1.
– idmax = 10[A] , iqmax = 10[A].
– idREF = 0[A].

Fig. 7. Flow diagram of the predictive strategy.

Figures 8-11 show the results obtained from the simula-
tion. Figure 8 shows the speed rotor of the PMSM. This
figure shows that the inner current control loop (with a
MPC controller) does not affect the performance of the outer
control loop (speed PI controller). Figures 9-11 show a normal
behaviour for the stator currents. As observe, Figure 9 shows
that the stator currents do not exceed the maximum allowed
value (10[A]) set by the inner current predictive control loop.
Figure 10 shows that id follows the reference set by the
predictive strategy (idREF = 0) with an acceptable ripple,
±0.1[A]. The same behaviour occurs for the iq stator current,
Figure 11 shows that the iq current correctly follows the
reference (3.35[A]) with an acceptable ripple caused by the
voltage spectrum of the cycloconverter.

Comments

The simulation test shows that the proposed multipulse
cycloconverter model, finite-state machine described on sec-
tion III.A, allows a synergy between a naturally-commutated
converter and a predictive control strategy.

The proposed predictive control strategy, with the finite-
state machine model of the CCV, avoids the use of any type
of modulator for the cycloconverter. The gating signals of

INTERNATIONAL JOURNAL OF ENERGY Volume 11, 2017

ISSN: 1998-4316 23



6

0 2 4 6 8 10
−1

0

1

2

3

4

5

6

Time[s]

S
p

e
e

d
 [

rp
m

]

 

 

w
w

ref

Fig. 8. Rotor Speed PMSM. Simulation results.
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Fig. 9. Stator currents PMSM. Simulation results.

every thyristors are generated directly by the model predictive
controller.

Note: The absence of the modulation stage in the control
scheme is not a exclusive advantage of the model predictive
control, other control strategies also avoid the use of any
modulator.

V. EXPERIMENTAL RESULTS

Experimental tests were performed in way to validate the
performance of the MPC strategy working with a finite-
state machine model for the 12-pulse cycloconverter and to
complement the simulation results obtained in section IV. The
main focus of this experimental tests is to probe the feasibility
of the implementation of the CCV finite-state machine model
in a control platform (dSpace and a FPGA). Experimental
results with current reference 2[A] and frequency reference
1[Hz] are presented.

The control algorithm was implemented in a dSpace plat-
form and Spartan 3E FPGA for a 1[kW ] 12-pulse cyclocon-
verter with a RL load, as shown in Fig. 12.

A. Experimental Setup

The experimental tests have the following characteristics.
• dSPACE DS1103 R&D controller board.
• Spartan-3E FPGA Starter Kit Board (Xilinx XC3S1600E

FPGA).
• Continuously Variable Voltage Auto-Transformer 0 −

415[V ], 20[A], 50[Hz] (CMV 20E-3).
• 3-phase Bridge Rectifier Modules 70[A], 800[V ]

(semikron SK70DT12).

6 6.2 6.4 6.6 6.8 7
−0.4

−0.2

0

0.2

0.4

Time[s]

I d
[A

]

Fig. 10. id stator current. Simulation results.
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3.2

3.3

3.4
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3.6

Time[s]

I q
[A

]

Fig. 11. iq stator current. Simulation results.

Fig. 12. Experimental Set.

• 50[Ω], 1[kW ] Load Resistors.
• 65[mH], 5[A] Load Inductors.
Table V shows a summary of the experimental setup for the

steady-state performance test.

B. Steady-state and dynamical performance

The performance of the control strategy in steady-state is
shown in Fig. 13 and 14. These figures show that the references
for the 3-phase load currents (2[A] and 1[Hz]) are achieved
with normal behaviour.

The dynamical performance of the control strategy is shown
in Fig. 15. In this figure, a step in the load current reference
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Fig. 13. Stator currents and voltages. 2 [A]/div, 70[V]/div, 250 ms/div.

Fig. 14. Stator currents and voltages. 2 [A]/div, 70[V]/div, 50 ms/div.

Fig. 15. Stator currents and voltages for a step on i∗. 2 [A]/div, 70[V]/div,
250 ms/div

TABLE V
EXPERIMENT SETUP

Parameter Value

Reference current amplitude 2 [A]
Referece current frequency 1[Hz]

Resistance R 50 [Ω]
Inductance L 65 [mH]

Sampling Time h 700 [µs]

from 2[A] to 1[A] is applied. The current references are
achieved with great performance and dynamic response.

Comments

The experimental tests show that the proposed finite-state
machine model for a multipulse Cycloconverter allows a
correct practical implementation of a MPC strategy for a
naturally-commutated converter.

The proposed converter model can be applied without any
major changes to any other naturally-commutated converter.

VI. CONCLUSIONS.
A finite-state machine model for a 12-pulse cycloconverter

(naturally-commutated converter) and its practical implemen-
tation has been presented. It has been shown that the pro-
posed converter model allows a synergy between a naturally-
commutated converter and a predictive control strategy.

The modelling strategy for naturally-commutated converters
proposed in this paper can be applied without any major
changes to any type of cycloconverter. This strategy opens up
new posibbilities for model predictive control for multipulse
cycloconverter applications and naturally-commutated convert-
ers.

The implementation of the proposed control strategy is
simple and easy to implement in any type of control platform
and avoids the use of any type of modulator, because the gating
signals for the thyristors are generated directly by control.

The simulation and experimental results show a great
steady-state and dynamical electric performance. Further work
includes a more detailed comparison between the proposed
strategy with the well-known hysteresis and PWM control,
analysis of the steady-state and dynamic behaviour under pa-
rameter variations, implementation and stability issues, range
of operation for the proposed strategy, etc.
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