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Discrete-continuous electrical systems with semiconductor
converter provide high accuracy, performance rate and watt-
hour efficiency but they require precise design, testing and
high quality of the work [3]. Cycloconverters (called as well
direct AC/AC converters) are used to convert an AC wave-
form to another AC waveform of a lower frequency and
same or a lower amplitude. From practical reasons (reducing
of the level of higher harmonics generated) the maximum
frequency of an output voltage is assumed to be not lower
than half of the frequency of an input voltage. A typical apli-
cations of cycloconverters are: controlling the speed of
a traction AC motors, ship propulsion, rolling stands, mine
winders, mill drives etc. Cycloconverters are especially use-
ful for controlling the speed of a synchronous motors, which
motors have a very confined possibilities of a speed control.

The great care should be taken at the construction and
manufacturing stages, because any faults, especially within
the steering circuitry may cause serious problems in the
electrical system (possible phase-to-phase short circuits).
Because of that the cyclonverters should be constantly diag-
nosed for any failure in their circuitry.
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There are many various types of cycloconverters, depend-
ing on the application, but the most popular and most useful
for controlling the speed of drive motors are those with
3-phase input and 3-phase output. They can be further sub-
divided depending on the number of pulses included in the
output voltage waveform. The higher number of pulses the
less higher harmonics of voltages and currents generated by
the cycloconverter , but as well the higher complication in
the structure of a device. And that means the higher cost and
lower reliability [6]. The popular structures of 3-phase cy-
cloconverters are presented in the Figures 1 and 2.

Cycloconverters consist of reversible, usually sup-
pressed-half thyristor converters each supplying one phase
of the three-phase load. Performing modulation with fre-
quency f0 of the firing angles of thyristors of both thyristor
valves changing in the range from rectifier to inverter work
causes the alternating voltage u0 of frequency f0 is obtained
at the output terminals [5].

Cycloconverters can work with circulating currents or
without. While working with circulating currents only one
of the antiparallel bridges is in operation at a time. In such
a case when current reverses a short dead time can be ob-
served before another antiparallel brigde is fired. During the
work with circulating currents both of the antiparallel
bridges are working simultaneously and are symetrically
controlled according to the formula α1 = π–α2.

The shape of an output voltage waveform depends on the
way of changing the realase angles of thysistors. There are
two different modes of operation used to control the fre-
quency of output voltage produced by cycloconverter: sinu-
soidal operation and trapezoidal operation (Figs 3 and 4). In
the sinusoidal mode the converters always operate with par-
tial firing angles, whereas in the trapezoidal mode the static
converters are operated at their firing limits for as long as
possible in the low frequency cycle.
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The constructions of a greater number of pulses may be
also encountered.
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The mathematical model of the power circuits has been con-
structed by using the parametric method of analysis of semi-
conductor systems. In this method each semiconductor ele-
ment is approximated by an element with variable parame-
ters. The assumption was made that the value of resistance
in conducting state of a semiconductor element is some or-
ders of magnitude lower than in nonconducting state. Thus
the created mathematical model of the system is a set of stiff
nonlinear differential equations [1].

The mathematical description of system is derived on the
following assumptions:

> ����������	
�
	�
�	��	
��	�����

> �����	������	
���	�����

> ������	���������?�	
������
����

> ���������
������
�	��	������������������	�����

�����

> ����
��	
����
�����������
��������
�
�������������?	�

������������������	������	��������������
�

Electrical subsystem of the electromechanical model of
a cycloconverter powering a synchronous machine are de-
scribed by following equations [2]

( )T T
g g

d

dt
+ =C L Ci C R Ci u (1)

g =i Ci (2)

T
g =C u u (3)

where:
C – matrix of constraints,

       Lg– matrix of branch inductions,

Rg – matrix of branch resistances,

ig – vector of branch currents,

ug – vector of branch source voltages,

i – vector of mesh currents,

u – vector of mesh source voltages.
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Mechanical subsystem is described by equations:

s s s e o
d

J D T T
dt

ω + ω = − (4)

s s
d

dt
ϕ = ω (5)

( )1

2
T T

e g
s

T
∂=

∂ϕ
i C L Ci (6)

where:
ωs, ϕs – angular velocity and position of rotor,

Te, To – electromagnetic and load torques,

Js, D – moment of inertia and suppression factor.

The particular meshes in the model should be chosen in
the way, that will allow to separate the differential equations
from algebraic ones.

Electric power circuits of synchronous machine powered
from 3-pulse cycloconverter are shown in the Figure 5.

The thyristors are represented by two-state resistances
determined from the following mathematical model:

1,   if  0 0 0

0
( )

( ) 0 ( ) 0 ( ) 0

0,   otherwise

T� � ��

T� � ��

T
T v T

i (t) w (t) q (t)

i (t) i q (t)
q t t

u t w t q tν
ν ν

〉 ∧ 〉 ∧ 〉 ∨⎧
⎪ 〉 ∧ 〉 ∨⎪+ Δ = ⎨ 〉 ∧ 〉 ∧ ≤⎪
⎪⎩

(7)

( ) ( , )T T TR t l q iν ν ν= (8)

( )T T Tu t R iν ν ν= (9)

for ν ∈ {1, 2, …, 18},
where:

iTν – current in the branch containing the thyristor,
wν – controlling gate signal,
ih – holding current,

qTν – state of the thyristor (conduction or non-
conduction),

uTν – thyristor voltage,
TTν – thyristor resistance.

The matrices and vectors used in the mathematical model
of the considered 3-pulse cycloconverter are as follows:

ig= [i1 i2 i3 i4 i5 i6 iD1 iD2 iD3 iD4 iD5 iD6 is1 is2 is3 if iD iQ iT1
iT2 iT3 iT4 iT5 iT6 iT7 iT8 iT9 iT10 iT11 iT12 iT13 iT14 iT15 iT16

iT17 iT18]T

ug = [e1 e2 e3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0]T

Rg = diag([R1 R2 R3 R4 R5 R6 RD1 RD2 RD3 RD4 RD5 RD6 Rs1
Rs2 Rs3 Rf RD RQ RT1 RT2 RT3 RT4 RT5 RT6 RT7 RT8 RT9
RT10 RT11 RT12 RT13 RT14 RT15 RT16 RT17 RT18])
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1 12 13 14 15 16

12 2 23 24 25 26

13 23 3 34 35 36

14 24 34 4 45 46

15 25 35 45 5 56

16 26 36 46 56 6

1

2

3

4

5

6

1 1 2 1 3 1 1 1

1 2 2 2 3 2 2 2

1 3 2 3 3 3 3 3

D

D

D

D

D
g

D

s s s s s s f s d s q

s s s s s s f s d s q

s s s s s s f s d s q

s

L M M M M M

M L M M M M

M M L M M M

M M M L M M

M M M M L M

M M M M M L

L

L

L

L

L

L

L M M M M M

M L M M M M

M M L M M M

M

=L

1 2 3

1 2 3

1 2 3

0

0

0 0

0

0

f s f s f f fd

s d s d s d fd d

s q s q s q q

M M L M

M M M M L

M M M L

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

�

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
-1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0    -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 -1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 -1 1 0 0 0 0

=C

0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 -1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0    -1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 -1 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0    1 0 -1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 -1 1 1 -1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 1 0 0 0 0 0 0
0 0 0 0 0 1 0 -1 1 0 0 0 0 0 -1 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 -1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 1 1 -1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 1 0 0
0 0 0 0 0 0 1 0 -1 0 0 0 0 0 0 0 0 0 -1 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 -1
0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 1
0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

For numerical calculations the above model should be modi-
fied. The modification is that the matrices of the mesh inductan-
ces CTLgC and mesh resistances CTRgC are divided into ma-

trices of elements included in the inductive and resistive bran-
ches. That means the empty elements in the inductance matrix
are removed, causing the inductance matrix being reversible.
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Assuming:

aT
g

⎡ ⎤
= ⎢ ⎥

⎣ ⎦

L 0
C L C

0 0
(10)

a abT
g

ba b

⎡ ⎤
= ⎢ ⎥

⎣ ⎦

R R
C R C

R R
(11)

,a a

b b

⎡ ⎤ ⎡ ⎤
= =⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦

i u
i u

i u
(12)

a a a= L iΨ (13)

We can separate differential equations from resistive
ones receiving:

( )

( )1 1 1

a

a a a a ab b b ba a a

d

dt

− − −

=

⎡ ⎤= − ⋅ + ⋅ ⋅ − ⋅⎢ ⎥⎣ ⎦

�

u R L � � � � � � �

(14)

1
a a a

−=i L � (15)

( )1 1
b b b ba a a

− −= ⋅ − ⋅i R u R L � (16)

Impulse generation subsystem has been described using
following equations:

2
( ) sin( ( 1) )

3ref m ref refu t u tμ
π= ω + α − μ − (17)

for μ  ∈ {1, 2, …, n},  n = 3

2
( ) sin( ( 1) )

3mu t u tν
π= ω − ν − (18)

( ) ( ) ( )refg t u t u tν μ ν= − (19)

1,   if [ ( ) ( ) 0] [ ( ) ( )]
( )

0,   otherwise

g t g t t u t u t t
w t ν ν ν ν

ν
⋅ − Δ 〈 ∧ 〈 − Δ⎧

= ⎨
⎩

(20)

for ν ∈ {1, 2, …, n},  n = 18,
where:

urefμ – reference voltage,
uν – input voltage,
gν – auxiliary voltage.

����	������	��

The created mathematical model of investigated system is
a set of stiff nonlinear differential, logical and algebraic equa-
tions. The model equations can be solved with aid of implic-
it integration methods, which are effective, but in compari-
son with explicit methods are more time consuming. The
use of a matrix of constraints simplifies the construction of
a mathematical model and makes its notation clear. But that
simplification causes the machine has to be considered in
a natural set of coordinates, which fact complicates the nu-
merical calculations and increases the computation time.

Applied constant structure method with thyristor in a form
of resistive element is competitive in comparison with other
methods: the variable structure method with a thyristor
model in the form of an ideal switch and the constant struc-
ture method with a thyristor model in the form of the series
connection of inductive and resistive elements. This fact in-
fluences profitably the relation of computation time due to
integration methods.
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