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Abstract: A conventional high power DC power supply systems consist of a three-phase
diode rectifier followed by a high frequency converter to supply loads at regulated DC
voltage. These rectifiers draw significant harmonic currents from the utility, resulting in
poor input power factor. In this paper, a DC power supply based on dual-bridge matrix
converter (DBMC) with reduced number of switches is proposed. In the proposed circuit,
three switches convert the low frequency AC input to a DC link. A single-phase bridge
inverter converts the DC-link to a high frequency AC output. The output of the matrix
converter is then processed via a high frequency isolation transformer and rectified to the
regulated DC voltage. In the proposed topology only a simple voltage control loop ensures
that the output voltage is regulated against load changes as well as input supply variations
and the current control loop is not used to correct the input currents. Theory analysis and
simulation are made to investigate performance of the proposed circuit. Simulation results
show that in the proposed power supply with 7-switch, the input currents are of a high
quality under varying load conditions and input voltage.

Keywords: DC power supply, Double-bridge matrix converter, reduced number of

switches.

1 Introduction

Following introduction of matrix converter in 1980 by
Venturini [1], the hard switching matrix converter (MC)
has received considerable attention in recent years as it
is a direct frequency conversion device that generates
variable magnitude, variable frequency output voltage
from the ac utility line. The low volume, the sinusoidal
and balanced input current, the bidirectional power
flow, and the lack of the bulky and limited-lifetime
electrolytic capacitors are the main advantages of the
matrix converter over AC-DC-AC converter.

In order to use this converter in the industrial area,
many research papers have been published. These
papers mainly focus on safe commutation of bi-
directional switches, and matrix converter application
and its PWM control methods [2]-[4]. However, this
converter has not been able to be widely accepted by the
industry. The main issue is that it has potential
commutation problems requiring a complex control
circuit as well as a bipolar snubber to protect against
wrong commutation. To overcome these problems the
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dual-bridge three-phase to three-phase matrix converter
(DBMC) is proposed and used which need less switches
and its commutation process is easier [5], [6].

In a conventional DC power supply based on matrix
converter with three-phase input as shown in Fig. 1, the
power stage includes six bidirectional switches (12
switches) [7]. The operation of this power supply is
expressed mathematically in a matrix formation, where
the matrix converter switching function is the product of
rectifier mode switching function by inverter mode
switching function. The low frequency (50 or 60 Hz,
three-phase) input is directly converted to high
frequency signal by applying the matrix converter
switching function to power stage. In the rectifier mode
by using a proper switching algorithm, input currents
will have a high quality and also a low total harmonic
distortion (THD). A symmetrical AC profile is
generated at the primary side of the high frequency
isolation transformer by applying specific pulses to
power switches that these pulses consider the
restrictions of the matrix converter. These restrictions
are discussed in [4]. In this matrix converter, the
implementation of control techniques like space vector
modulation (SVM) permits to sinusoidal shape of the
input line current waveforms [8], [9].
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Fig. 1. A conventional DC power supply based on matrix converter

There is another method, which is known as direct
control method, for DC power supply that is shown in
Fig. 2. This power supply is using matrix converter
directly to converts the low frequency input voltage to a
DC with applying a low frequency modulation function
[10], [11]. Hence, high frequency isolation transformer
is not used in this approach.

There are two main drawbacks in these two
approaches. Firstly, a large number of switches (12
switches) is needed which lead to the complexity and
high cost of the converter. Secondly, two separated
control loops are needed, the current control loop is
used to correct the input currents and the voltage control
loop is used to adjust the output voltage.

In this paper, a DC power supply based on double
bridge matrix converter is proposed which the number
of switches reduced from twelve switches to seven
switches. In addition, the bidirectional switches
constructions which have complex commutation and
protection problems are not used. The other advantage
of the proposed topology is its simple control algorithm
compare to complicated control methods used in other
DC power supplies based on matrix converter. A
detailed analysis of the modulation scheme is given, and

simulation results are provided to verify its feasibility.

2 Proposed Circuit

In the conventional three-phase to one-phase matrix
converter, as shown in Fig. 3(a), twelve IGBT switches
is employed. The output voltages are obtained by the
multiplication of the modulation matrix with the input
voltages as given in (1).

)= [ < .
fioe]=MT x[i, ]
where v, is the input three-phase voltage and v, is the

high frequency single-phase output voltage of the
matrix converter and M is the modulation matrix as

follow:
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This basic solution represents a direct transfer
function approach and is characterized by the facts that,
during each switch sequence time, the average output
voltage is equal to the demand (output) voltage. For this
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Fig. 2. A DC power supply with direct control method based on matrix converter

52 Iranian Journal of Electrical & Electronic Engineering, Vol. 5, No. 1, March 2009



3

o

n_|
oW 1DJ
n—|
SWAiDJ

]

S,
S

A
1 7
swsﬂJ
1 a
BDJ swzﬂJ
B
(a)

;
\F'

o A B
(b)

Fig. 3. Three-phase to single-phase matrix converter (a) Conventional circuit (b) Double bridge circuit

to be possible, it is clear that the target voltages must fit
within the input voltage envelope for any output
frequency. To avoid short-circuit in input side and open-
circuit in inductive output terminal, only one
bidirectional switch in one output leg must conduct at
any time, This constraint can be expressed as:

0<m, <1 jeiAB} & kefabcf (3
=1
2 @

Under balanced conditions, the three-phase input
voltages obey equation (5).

Va+Vb+VC=O (5 )

Fig. 3(b) shows the matrix converter as an AC-DC-
AC conversion system which is known as Dual Bridge
Matrix Converter (DBMC) or also known as indirect
matrix converter [6]. Thus, Equation (1) can be
transformed into two dimensional equations by
introducing two additional points (p, n), where:

lvan: [Mr]x[vabc] (6)

Vo= M, Jx[v, | ™)

where, M, and M; represent modulation matrixes of the
rectifier and inverter in Fig. 3(b). These equations show
that the conventional matrix converter and DBMC are
mathematically identical with each other. In equation 4,
the bi-directional switches on the load side can be
replaced by unidirectional voltage blocking switches if
V, is always greater than V,,. Therefore the inverter part
consists of four switches. If the DC link current always
be positive, six switches with series diode in three-phase
rectifier section are needed which is shown in Fig. 4(a).
In [5] it is shown that this rectifier can be replaced with
a three-switch circuit as shown in Fig. 4(b).
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Fig. 4. Rectifier section of the DBMC (a) its six switch
configuration (b) its three switch configuration

The complete circuit diagram of the proposed power
supply is shown in Fig. 5. In rectifier part, the low
frequency (50 or 60 Hz, three-phase) input is converted
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to a DC by proper switching of three switches that these
switches have specific arrangement of diodes. In
inverter part, a single phase bridge inverter converts the
DC-link to a high frequency one-phase ac output. The
output is then processed via a high frequency isolation
transformer and rectified to DC voltage. In the proposed
circuit, both the line and load side converter plays the
same role as the other topologies (12 switch matrix
converter). In that, the line side converter serves as a
CSI and the load side converter serves as a VSI. Also,
the input/output waveforms and voltage transfer ratio
are the same as in the other topologies. This converter
has the same characteristics as the 12-switch topology.
Since the bi-directional switch is not available in the
market by this time, the cost of this converter is
expected to be much lower than that of a converter
using bi-directional switches. In proposed circuit due to
using a diode rectifier after high frequency transformer,
the power flow is unidirectional. Therefore, the seven-
switch matrix converter topology has been employed as
shown in Fig. 5.

3 Proposed PWM Method
3.1 Operation of Rectifier part

In order to simplify the analysis of the rectifier, it is
supposed that there is no input filter in the line side. The
aim of the pulse width modulation of the rectifier is to
maintain positive voltage in the DC side as well as to
maintain the input power factor as unity. It is assumed
that the input source voltages are described as (8): With
in any 60° interval between two successive zero
crossing of input phase voltages, as shown in Fig. 6,
only one of the three-phase input voltages has the
maximum absolute value and the other phase voltages
have opposite polarity voltage. For example in the 3rd
sector, phase b has the maximum positive value and
phase a and ¢ have negative values. Since the input line
voltages are balanced, there are two possible conditions
for the input phase voltages:

Vp

V,(t) =V, cosd, =V, cos(amt)

V, (1) =V, cosb, =V, cos(ot - 27”) 8)

V(1) =V, cosd, =V, cos(at + 277[)

a) Two voltages are negative, and one is positive
(e.g. sectors 1, 3, and 5). For example in the 3rd sector,
phase a and c are negative, phase b is then positive.

Therefore:
V| = Va| + Vo] ©

Under this condition, switch Sy, must be maintained
in the conducting state while S,,, S., are modulated.
When S,, is turned on, the DC voltage is equals to Vi,
and is positive. The duty ratio of switch San is given by

B ‘cos@a\

(10)

o ‘cosﬁb‘

While S., is turned on, the DC voltage equals to Vy. and
is positive. The duty ratio of S, is given by:

CSA

cb

)

- ‘cos Qb‘

The average DC side voltage in this switching

interval is:
Vie = dap(V, =Va) +dey (V, = Vo) (12)
Substituting (8), (10), and (11) in (12), result:
3V
V., = m
“ " 2cos b, (13)

b) Two voltages are positive and one is negative
(e.g. sectors 2, 4, and 6). For example in sector 6, phase
a and c are positive and phase b is negative. One can
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Fig. 5. Proposed power supply with reduced number of switches
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establish that:

Vel =Nl + V| a4

Under this condition, switch Sy, must be maintained
in the conducting state while S,,, S., are modulated.
During the time when San is turned on, the DC voltage
equals to V,, and is positive. The duty ratio of S,, can
be expressed as:

B ‘cos Ga‘

(15)

b=
‘cos@b‘

When S, is turned on, the DC voltage equals to Vg,
and is positive. The duty ratio of S, is:

_|cosd,|

(16)

@ |cosd,|

Finally the average value of the DC voltage during
this switching interval is:

Vie =gy (V, =Vp) +dg, (Ve = V) 17)
Substituting (8), (15), and (16) in (17), one obtains
OV,
w© 2|cos 6| (18)

Utilizing the same approach, one can obtain the
corresponding duty ratio and switching state for all
other sector conditions. Therefore the average value of
DC voltage during each of these switching intervals is:

3V

=—"— 19
“ " 2cos0,,, (19)

where:

cosf,,, =max(cos(6,)|,|cos(6,)|.|cos(6,))  (20)

> >

Fig. 7 shows the gating signals of the three switches
(San> Spn and S,,)) in the six switching intervals based on
line side voltages. In order to satisfy unity displacement
power factored input current requirement and full
utilization of input source voltage, the duty ratios d,, d,
and d, should be:

_ ‘cos(Ha)‘ d - \cos(6’b )\ q

b

B \cos(&’C )\

cosd

max

d, @1

c

b b
cosd,.. cosd, .

By using this modulation the input current shape is
sinusoidal and in phase with input voltage. The formula
found for the DC-link voltage, which is given in (19), is
similar to the fictitious DC voltage in a conventional
matrix converter when the space vector modulation
(SVM) method is utilized for the its rectifier side [9]
which is:

V, =1.5xm xV, 22)

where, m, is the modulation index.
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Fig. 7. The gating signals of the three switches (Su,, Sp, and
Scn) in the six switching intervals based on line side voltages
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Fig. 8. Gating signals of the inverter switches
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Fig. 9. The input damped single-stage LC filter
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Fig. 10. Block diagram of the control system

3.2  Operation of Inverter part

The objective of using this part is to generate a high
frequency single phase output voltage. The operating
frequency in this part is the same as desired output
frequency which in this simulation is set to 25 KHz.
From the rectifier part, DC voltage (V) is adjusted and
fixed. It is used as the input of single phase inverter. In
order to have a constant output voltage, the Pseudo
Phase Shift Control (PPSC) algorithm has been used to
control four switches.

Gating signals of the inverter part have been shown
in Fig. 8. Its operating principle is that the diagonal
switches of the full bridge inverter turn on at the same
time, and the leading-leg switches turn off earlier than
the lagging-leg. The turn on time of the leading-leg is
adjustable and the turn on time of the lagging-leg is
fixed. So, the output power can be adjusted by changing
the turn on time of the leading-leg. Therefore output
voltage is regulated by control of only two switches, sy
and S3.

4 Input and Output Filter Design

The input and output filters form a critical part of the
converter system design. The topology of these two
filters is shown in Fig. 5. The output filter is a single-
stage LC filter (L =50 pH, C = 500 pF) and has been
designed in conjunction with the output voltage control,
using the techniques described in [12].

The input filter is a damped single-stage LC filter
with an RL connected in parallel with the inductor to
provide damping, especially during turn-on as shown in
Fig. 9. The input filter is designed using a decoupled
approach. The input filter capacitance is chosen to give
a maximum voltage distortion of 5% at the input
terminals to the matrix converter. The input inductance
is then chosen to give a maximum of 5% current

distortion to the supply. Once the values have been
chosen the resonant frequency of the filter is calculated
to ensure that it is not close to any of the switching
frequency harmonics from the converter. In this circuit,
the value of the input filter parameters has been found
as follow [12]:

L; =440 uH ,C; =20 uF

23
L, =220 uH ,R, =12.86 Q @3)

5 Controller Design

In this section a feedback for this converter is
designed to keep the output voltage constant, regardless
of changes in the input voltage or in the load. This is
accomplished by building a circuit that varies the
inverter control input (i.e. the duty cycle D) in such a
way that the output voltage is regulated to be equal to
the desired reference value. To design the control
system, a dynamic model of the switching converter is
needed. The block diagram of the feedback system of
the proposed circuit is shown in Fig. 10.

The averaged model of the proposed converter after
rectifier section, which is like a buck converter, in
constant frequency gives the following transfer
functions [13], [14].

\Y 1
GVd (S) = B 2
1+ S + [Sj %)
@, 2
1
GVg (s)=D >
1+ —S + [SJ 25)
600 0)0
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where Gyqy(s) is the control to output transfer function
and Gy,(s) is the input to output transfer function. A
continuous-time PID compensator is designed to give an
appropriate loop gain with cross over frequency of f, =
5 kHz and phase margin of ¢,, > 60°, and very high dc
gain as given in (26) and (27).

The Magnitude and phase response of this
compensator is illustrated in Fig. 11.

ala)
I+— || 1+—
4 o
GC(S) = Gpd (S)GPI (9= Gde

1 (26)
W, ) Do

(1+936x10°8)(1+32x107'S) 5,
(l+1.1x107S) 12x107°S

G.(9)=

6 Simulation Results

In this section, simulation results of the proposed
approach are presented and discussed. The system
simulations have been done using
MATLAB/SIMULINK. The specification of the
simulated circuit is given in Table 1.

Fig. 12 and Fig. 13 show the input phase current of
Ia and its harmonic spectrum respectively in steady state
condition. It is clear that input current is of high quality
and its THD is limited to 2.59%.

Fig. 14 shows the high frequency output voltage of
the matrix converter (output of the high frequency
transformer) and Fig. 15 shows the DC output voltage.

To show dynamic performance of the proposed
power supply, simulations have been done for sudden
change of the load and input voltage. Fig. 16 shows
input current I, when sudden change of load is happened
and Fig. 17 shows output voltage in that case. This is
obvious that that after a short time, DC output voltage
return to the set point value (48 V).

Table 1. Design specifications of the proposed approach

Design Specification Values
Input line voltage (v;) 380V
Input frequency (f) 50 Hz
Switching freq. in rectifier mode 10 KHz
Switching freq. in inverter mode 25 KHz
Output DC Voltage (V) 48V
Load power (P,) 6 KW

To show the effectiveness of the proposed system
when the input voltages vary, 15% reduction of the
three-phase input source voltages has been applied to
the converter. Fig. 18 shows input current Ia due to this
input voltage changes and Fig. 19 shows DC output
voltage due to this reduction. These figures show that
the proposed circuit and algorithm doing well and DC
voltage is fixed in the set-point.
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Fig. 11. Magnitude and phase response of the PID
compensator
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Fig. 13. The input current (I,) harmonic spectrum
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Fig. 14. High frequency output voltage of the matrix converter
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Fig. 16. Input current I, due to sudden change of the load

7 Conclusion

In this paper a DC power supply based on matrix
converter with reduced number of switches has been
proposed. In the proposed topology only a simple
voltage control loop is proposed and used, which can
largely simplify its control complexity and the

bidirectional switches construction which have specific
commutation and protection problems are not needed to
use. Simulation results verify the feasibility of the
proposed converter in steady state and transient
conditions.
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Fig. 17. Output DC voltage due to sudden change of the load
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Fig. 18. Input current I, due to 15% reduction of the input
voltages
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