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Abstract - This paper presents a cascade multilevel PWM -
rectifier without the isolation transformers for energy build-up at

each inverter modules: The features and advantages of the
proposed PWM rectifier can be summarized as follows; 1) It
realizes the high power high voltage AC/DC power conversion, 2)
It uses no transformer which is bulky and heavy, 3) It has hybrid
structure so that switching devices can be effectively utilized, 4) It
produces high quality AC current even in high power high veltage
applications, 5) The input power factor remains unity by simple
modulation index control. The multilevel rectifier is analyzed by
using the circuit DQ transformation whereby the characteristics
and contro! equations are obtained. Finally, it will be shown that
the system simulation reveals the validity of analyses

I. Introduction

The three phase PWM rectifier has been widely studied
and used as an excellent AC/DC power converter. The
PWM rectifier has superior advantages over phase
controlled rectifier(PCR) such as sinusoidal input current,
adjustable power factor, better DC output voltage etc. In
high voltage and high power applications, however, such
features of the PWM rectifier may be deteriorated because

of lack of high frequency switching device endurable to

high voltage and/or high power [1-2].

Nowadays, one of the practical solutions to cope with
high voltage and/or high power application is to employ so
called multilevel PWM converter. Up to date, three major
types of multilevel structure have been reported,
diode-clamped type, flying-capacitor type, cascade type.
Considering the multileve! converters as a rectifier, 1) the
diode-clamped type has drawback of DC voltage
unbalancing problem, 2) the flying-capacitor type needs
large number of capacitors and the complicated control, 3)
the cascade type has simple modular structure of proven
technology but it is supposed to have separate DC sources,
and thus isolation transformers, to synthesize multilevel
output [3-7].

This paper proposes a cascade multilevel PWM rectifier

.. without bulky and heavy isolation transformers. It will be

- seen that the DC voltages required to make multilevel
output may be built up from AC utility source while the
input power factor remains unity. Moreover, the proposed
rectifier has hybrid structure. So, for example, GTO, high
power low speed switch, is involved in high power low
frequency module and IGBT, low power high speed switch,
in low power high frequency module.

The proposed multilevel PWM rectifier is analyzed by
using the circuit DQ transformation[1],[7] whereby the
characteristic and operating control equations are obtained
with ease. Finally, such advantages and characteristics of
the rectifier will be verified through PSPICE simulations.
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IL. Cascade Hybrid Multilevel PWM Rectifier

Fig. 1 shows the proposed cascade multilevel PWM
rectifier. The rectifier consists of three full bridge(FB)
inverters using IGBT switches and a three phase(TP)
inverter composed of GTO devices. The FB inverters
operated at high switching frequency may have lower
power rating than that of the TP inverter operated at lower
switching frequency and this hybrid structure enables the
switching devices to be fully utilized with synergism.

Assuming symmetry operation, there are four effective
control variables; modulation index(m;) and control
angle(a,) for FB inverters and modulation index(m,) and
control angle(a,) for TP inverter, where @, @, are with
respect of the angle of utility source voltage. Adjusting
such control variables, the DC voltages of FB inverters
used for multilevel output synthesis can be build up without
any separate charging/discharging circuitry. For S5-level
output voltage, the relationship between the DC voltages of
FB inverter, v,y and TB inverter, v, will be controlled as
given by

Vdc )
| Vaef =+ (D

Fig. 2 shows the switching table for the cascade
multilevel PWM rectifier. As seen in the switching table,
there are some redundancy to produce the same output
voltage, v,, .

The source voltages with angular speed, o are
assumed ideal and balanced and are given as follows:

v.\',abc = [vsa Vb vsc] 4 = E Vs SIN((D[) (2)

where V, is the rms line-to-line AC source voltage and T
represents the transpose of matrix.

sin(a)t)
SIN(wr) =| sin(wr —27/3) ' 3)
' sin(wr +27/3) o

Fig. 1. Hybrid cascade 5-level PWM rectifier.
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Fig. 2. Switching table.

II1. Circuit DQ Transformation

The original circuit is too complex to analyze, so it is
partitioned into several basic subcircuits as shown in Fig. 3.
By using circuit DQ transformation, the rotational
three-phase circuit shown in Fig. 1 is transformed into the
stationary linear time-invariant (LTI) circuit. Note that the
only fundamental component in the currents and voltages is
considered to focus on the basic features of the circuit [7].

The power invariant DQ transformation matrix K is
given by _

' > cosT(w+a,)| :
K='\/; SIN (wt + ;) @
1"/J2

K=K’ (5)
where,

7 =p 1 1] (6)
A variable x,;. that denotes any AC voltages and currents is
transformed into x4, by DQ transformation matrix K

quo = Kxabc . (7)
The voltage-current relationships in the resistor-inductor set
gives
=rig, +V

v rabe  (Part A) (8)

s.abc abc

L'd_tiabc = v‘r.',t.zb‘c - Vo,ab; (part B) . (9)

Assuming synirhétry operation of each FB inverters,
Vdca = Vach = Vdee = vdcf (10)

Igea = lgep = e =gy - (n
Therefore, the voltage-current relationships in part C
becomes

. 2
Yo.abe ~ Viabe = \/;dl -SIN(wt +a1)vdcf (12)

3iger =\E d, -SINT (wt +a )i gpe (13)
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Fig. 3. Circuit partitioning.

where d, is associated with a modulation index of FB
inverters, that is

d = \/g m . 14)

In part D, the following equations are obtained considering
the only fundamental components,

Viabe = \E d, -SIN(wt + @) vy (15)

idC =J§d2'SINT(wt+a2)iabc (16)

where d, indicates the modulation index of TP inverter such

that,
dy = \E my . (7n

Now, applying the matrix K to each system equations (8)
through (16) yields the following set of equations:

vy =V, cosay = rig+vy (18)
vy =V sina =ri, -i;v,qv _ (19)
wliy + L%iq = Vyg ~Vog (20
—a)Liq+L—d—id =V —Vou @1
dt

Vog ~Vig =0 (22)
Vod = Vid = d\Vays (23)
3igy = diiy (24)
v, = dysin(a, @) vg (25)
v, = d;cos(a, —al)vdc (26)

iy, = dysin(a, —ay)i, +d; cos(a, -a)iy  (27)

Using equations (18) through (27), the equivalent circuit

can be reconstructed as shown in Fig. 4. Note that the

resultant DQ transformed circuit is composed of LTI circuit

elements and reveals the behavior characteristics without
any loss of information.

IV. Control Characteristics

A. State Equations .
A transformer can be eliminated in the equivalent circuit
in Fig. 4 in the following case,
oy —ay = 900 (28)
So, it can be simplified as shown in Fig. 5. The system state
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Fig. 5. The simplified circuit in the case of a-a;=90°

equation is expressed as follows:

d
—x=Ax-B 29
SX=Ax | | 29
where,
x=li, i vay vel (30)
-r/L - 0 —dy /L
—-rlL  -d/L 0
a=| © ’ ! ,(31)
0 4/3C,) 0 0
d,/C, 0 0 -1/(R,Cy)
B=[(V,cosa,)/L (V,sina,)/L 0 0] . (32)

So, the system order is found to be of 4™ Control variables
are d|, dz and .

B. DC Capacitor Voltages

In steady state operation, the inductors seem to be short .

and the capacitors open and all the DQ circuit vanables
. imply DC values denoted by capital letters.
Without - cumbersome equation manipulations, the DC
capacitor voltages can be obtained from Fig. 5 as follows

R, D,V cosa
Vi =—2—2s—"2 (33)
r+R; D,
V. wL
V. =—|sina, +cosa, ——— | (34)
aof D,[ 2 2r+RLD22J

It is found from (33) and (34) that V. is independent of D,
while V,is associated with both D; and D,. Also, it can be
seen that reactance Vs related to reactance wL but V. is
independent of wL.
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Fig. 6. Control range of D, and D,.
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Fig. 7 Control range of a;.

C. Multilevel Output Control

The requirement for multilevel operation aforementioned
in (1) is very important and should be met for normal
operation. That is, ¥4, must be half of ¥, in orderto
generate 5-level output phase voltage at the terminal of the
rectifier. From (1), (33) and (34), the following important
equation is obtained to remain constant ratio of ¥, and V.

D, = 2[4+ D? |tana, + 2L (35)
D, [\ R, Ry

So, it should be noted from (28) and (35) that the only
control variables for the muitilevel PWM rectifier become
D, and o; and in turn D, and ¢, depend on D, and a,.

Fig. 6 shows a typical graph to figure out control range
of D, and D, with respect to a, where the following circuit
parameters are used; V=220 V, r = 0.7 Q, ©L=1.885 Q. As
seen in Fig. 6, the modulation index D, of TP inverter must
be higher than some mlmmum value, in thls case, about
0.15. n
Fig. 7 illustrates control range of a,. Remember that the
phase angle of FB inverter, ¢; is determined by (28).
According to variable D,, possible control range of o is
limited to some specific boundary. Especially, negative
boundary of &; is narrower than positive one.

D. Power Relationship and Unity Power Factor

Considering the only fundamental components and
per-phase circuit, the power relationships in steady state
operation can be obtained without difficulty. As derived in
(2), (4) and (7), the source voltage and line current of phase
a, become
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V,, = \E v, sin(ar), (36)
1, =E1q cos(wt+a|). 37N

By using the equivalent circuit of Fig. 5 in steady state, the
quiescent value of i, I, can be found to be
_V cosa,

4 r+RD}
Also, the inverter operation fesult in the output voltages V5
and ¥, for FB and TP inverters respectively as follows

2 .
V= J; DV sin{awt + @) 39)

V= \E D,V sin(ot + ;) (40)

So, form (39) through (40), the input real power P; and
reactive power Q; are found to be

v2cosla
2 ____s____zl (41)
0, = Vs2 sina, cosa, 42)

r+R, D22
It can be seen form (41) and (42) that the only condition
for unity power factor control is
a2 = O . (43 )
Under unity power control, the real power delivered into
the multilevel PWM rectifier become
. - Vsz .
r+R, D22
and P, can be controlled by the magnitude modulation
index of TP inverter, D,.
Fig. 8 depicts typical variation of the delivered real and
reactive powers into the rectifier with respect to a,.
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Fig. 8. P, and Q, with respect to a..

E. Variation of DC Capacitor Voltages

In this section, the theoretical maximum values of DC

capacitor voltages are discussed. The possible peak value

of V. can be obtained by applying partial differentiation to
(33). :

Vg __0 R DV, cosay =0 45)

aDz aDz r+R L D22

(38)

S0, Djpear Which generates the maximum Vi, Vicmax 1S
found to be :

r
D 2,peak = R (46)
L

and .

’R
Vi max =% —rL—V cosa, . 47"

_ The voltage stress at each switching devices is directly
affected by the maximum value of DC capacitor voltage,
Vdemax » 0, in the design procedure, the operating range of
D, should be carefully determined with reference to (46)
and (47).
Fig. 9 illustrates the DC capacitor voltages as a function
of the modulation index D, in the case of a,=0.
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Fig. 9. Variation of ¥ and Vs with respect to D;.

V. Simulation Results

To confirm the validity of the analysis and control for the
cascade multilevel rectifier, some simulations are carried
out. The circuit parameters are as follows; V=220V, r=
0.7 Q, wL=1.885 Q, C~500 pF, C4,=1000 pF, R=20 Q.
Also, the contro] is given by D,=0.475, a=0 and thus
D=0.3968, a;=-90°. In the course of simulation, a simple
carrier-based sinusoidal PWM is used for each FB and TP
inverters in order to focus on the basic characteristics.

Fig. 10 shows the open loop control characteristic during
build-up of DC voltages where the rectifier goes to some
steady state. The results in Fig. 4 show that V,, becomes
half of ¥, as expected by analysis and the phase current is
in. phase with respect to' AC source voltage and thus
realizing unity’ power factor. Note that the ripple
component of 2" order harmonic in the DC voltage of FB
inverters makes little effect on the current because of three
phase symmetry operation.

Fig. 11 shows the resultant output AC voltages of FB and
TP inverters. Note that the FB inverter is operated at 2160
Hz whereas the TP inverter at 540 Hz. Moreover, the output
power of the FB inverter can be found to be 3.4 kVAr
whereas that of the TP inverter is of 8.1 kW. So, the
cascade multilevel PWM rectifier realizes the benefit of
hybrid structure. Actually, the FB inverters take charge of
supplying the only reactive power and the TP inverter
absorbs the only active power.
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Fig. 10. Build-up procedure of DC capacitor voltages.
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Fig. 11. Switching waveforms; (upper) line-to-line voltage of TP inverter,
(middie) line-to-line voltage of FB inverter, (lower) the resultant 9-level
line-to-line output voltage of the multilevel PWM rectifier.

V1. Conclusion

This paper presents a transformerless cascade multilevel
PWM rectifier with unity input power factor. The features
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. and advantages of the- proposed PWM rectifier can be @ . °

summarized as follows;
1) It realizes the high power and high voltage AC/DC
power conversion owing to multilevel structure,
2) It uses no transformer which is bulky, heavy and even
expensive,
3) It has hybrid structure so that semiconductor devices
can be effectively utilized,
4) It producse high quality AC current even in high
power and high voltage applications,
5) The input power factor remains unity by simple
modulation index control.
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