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Abstract - Threephase to three-phase VSI-PWM rectifier
and inverter system with eight switches has many
advantages, capsbility of unity or even leading power
factor, sinusoidal input current waveforms, bidirectional
pewer flow, This paper derives a mathematical model of
the dc link voltage control for the system. The transient
model for overall and difference voltages of split capacitor
dc link is developed, and typical simulated and
experimental results for dynamic responses are presented to
illustrate important performance characteristics to verifiy
the developed model

L INTRODUCTICN

Improvements in power semiconductor switching
technology have significantly reduced the cost and size
of ac drives and improved waveform quality. Recently
there has been growing interest in low cost ac drives to
meet the needs for reducing cost. A mmber of low
cost topologies have been suggested for single-phase to
three-phase[1]-[6] or three-phase to three-phase voltage
source inverter[7]-[9]. There are a variety of names for
these inverters, i.e. inverter system with a reduced
switch count, component minimized or B4 inverter, split
capacitor dc link inverter, and four switch three-phase
inverter,

Van der Broeck et al suggested a method of
penerating the three-phase waveforms with two dc link
voltages and discussed the harmonic effects and {1], (2].
The modulation strategy suggested can produce three
phase balanced simusoidal waveforms at a reduced output
voltage of 0.866 compared with the conventional six
switch inverter. In another topology proposed by Enjeti
et. al, the diode bridge rectifier is replaced by a
single-phase current controlled rectifier employing two
switches and two capacitorsf4], [5]. Covic et. al.
proposed the new voltage control scheme, which ensbles
unity power factor and an improved de¢ link voltage

control independent of input voltage fluctuations(6].
However, the sinlge-phase rectifier has a limitadon for
high power applications because power flow is not
constant, therefore, requires a much larger capacitance in
the dc link, which makes system performance sluggish
G, T. Kim et al proposed a three-phase to
three-phase  VSI-PWM rectifier and inverter structure
with eight switches, and discussed feasibility and
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operational limitations of the proposed smucture[7], The
proposed comverter uses two identical inverters with four
power swiiches both for a rectifier and for a inverter,
and a two split capacitor dc high voltage link as shown
in Fig. 1. F. Blaabjerg et. al. suggested adaptive space
vector modulation(SVM) to compensate dc link voltage
ripple[8], and D. T. W. Liang suggested flux vector
modulation strategy{9].

The main advantages of this structure are; 1)
capability of unmity or even leading power factor, 2)
sinusoidal input cument waveforms reducing harmonic
pollution, 3) bidirectional power flow. Despite of these
advantages, the main shortcomings are: 1) increased
voltage siress both on the power devices and on
induction machine, 2) voltage flucuation of split
capacitor dc link due to the incomplete decoupling of
inverter and rectifier,

This paper derives a mathematical model of the dc
link voltage control for the three-phase to three-phase
VSI-PWM rectifier and inverter structure with eight
switches. The transient model for overall and difference
voltages of split capacitor dc link is developed, and
typical simulated and experimental results for dynamic
responses are  presented to  illustrate  important
performance characieristics (o  verifiy (ke  developed
model.

II. PRINCIPLES AND OPERATION OF SYSTEM

Fig. 1 shows the circuit diagram of three-phase to
three-phase  rectifier/inverter  system  with a  reduced
switch count, The leakage inductances of the induction
motor are shown to emphasize the symmetric structure
of the converter. The important features of this
structure are the placement of the inductances on the
input side for the boost operation of the rectifier and
the placement of the capacitance in the dc link. Some
ac line inductances are needed because Ldizdt voliage
form an essential element in forcing the curmrents track
current references and dc link capacitors act as dc
voltage sources and provide filtering operation.  For
proper operation, the dc link capacitor voltage must be
sufficiently higher than the peak line-to-line voltage of
ac main source and counter emf of ac motor for the
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Fig. 1 Rectifier/inverter system with a reduced switch count

back-bias of the anti-paraliel diode and for the current
controllability without current distortion.

The configuration incorporates an active rectifier
structure that provides an active input current wave
shaping feature and allows bidirectional power flow with
four switches. A four switch inverter with the split
capacitors in the dc link provides balanced three phase
output to ac motor at adjustable voltage and frequency.

An ac input is then comnected fo the two PWM-

voltages of rectifier and the center point of two split
capacitors. A three phase ac motor is also connected to
the ouput inverter and the same center point.

The split capacitor bank is charged initially to the
peak value of input line-to-line voltage through the
diodes in Si-Sw.  The switches operate on a PWM
pattern to shape the input currents to follow the current
references. The filter inductors provide current filtering
and voltage boost operation. The center point of the
split capacitor link forms the third phase both for the
rectifier and inverter.  The output inverier can be
operated either by voltage control or by current control,
Fig. 2 shows thc sinusoidal PWM voltage control for
the inverter, and Fig, 3 shows -the hysteresis curremnt
control for the rectifier. -

The input current references are taken from the ac
mains through voltage transformers. The phase voltages
of ac mains are introduced for unity power factor input
current reference and multiplied by the output of the
outer loop dc link voltage contreiler (magnitude of input
curent is determined to mainfain constant the d¢ link
voltage) to form the cumrent reference templaie
waveforms as shown in Fig. 4. The current of
uncontrolled leg is also automatically sinusoidal, because
there is mo connection of the neutral point. One sees
that the ac source and induction motor are not

completely deconpled becanse one input leg and one
output leg are connected directly with two dc link
capacitors.

The inverter or rectifier operates in one of four
nonzero voltage vectors. If balanced three phase
sinusoidal waveforms are required, the maximum circular
locus results in 0.866 compared with the conventional
six switch inverter. The third harmonic injection
technique cannot be applied because no zero sequene
voltage vector is available,

A dc bus center point is assumed to be the ground
reference. The line to ground voltages are uniquely
determined by the PWM inverter switching according to
the voltage or current controller. There is mo zero
voltage vector, thercfore, the switching frequency of (he
four-switch inverter is somewhat higher than that of the
conventional six-switch one, in which six nonzero
voltage vector and two zer vectors are available, Both
of the dc link capacitor voliages must be higher than
the peak value of input and output line-to-line voltages
for cumrent controllability, respectively. Thus, the overall
dc link voltage of the four-switch inverter must be twico
as high as that of the six-switch one.

oI, DYNAMIC MODEL OF VOLTAGE CONTROL

For the four-switch inverter or rectifier, the switching
functions can be stated as follows, Given a desired scl
of three phase voltages for the output inverter:

va=V, sin{(wyt)

2

vag=vosin(wo:——31) (1)

vg= Vesin{wyt+ 231! )




where, n is the dc bus center point assumed to be
ground. One can see that the phase difference between

T “» i fu two line-to-ground voltages is 60°. The above equation
. can be solved as follows
D o o
5 5,
- v, " S = 4
v tog " E . 5, S, 4
[
o $1=05[1+agsin (wot-¢ )]
/3 . R
MA $2=05(1-aysin (wyt-5)] &
= : _X
Fig 2 Sine PWM for inverter voltage control 83-0.5[1+uosm(wot 2 )
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d [I} The switching function is based on the assumtion of
A seurce i - Ya=ve= V. The overall control block diagram
L vy describing the split capacitor dc link, inverter, and load
L Yal is shown in Fig. 5. Each element in Fig. 5 is as
Iy va follows.
= To describe the overall dc link  voltage
Q l:l} ) V=gt Ve and the voltage difference
by Va4 = Vo - V., the following transformation matrices
35— vp[l L[ v
ey el
B oTE =[ ©)
V4 1 -1 Va
Fig. 3 Hysteresis current control for PWM rectifier
Vet 1 11 v
=9 ™
& & -V -1 1 1] vy
v Vohege fras J_L i, Therefore, the relation [T] between v,. v, and v,.
>0 Controlier X 1 Ve will be
it 1 1
] = 1 T, |-+ L l (8)

v=y,ty, : i
< The load model is. three phase ballanced RL with

counter emf as shown in Fig. 5, and dg coordinate
transformation is introduced.

Fig. 4 Curmrent reference generation for PWM rectifier

2 1
where, J, is the magnitndes of the output phase . |= 3 3 9
voltages. Determine the switching matrix {S] that will 2 1
produce a desired set of line-to-ground voltages 0 -7
v0m=v,,1—vd,=\/§V,sin(wut—%) 1 ‘O
. X = 10
Vazn=vag—v03=\/§Vosm(Wot-§ ) T3 1 _[3_ (10)
Vol Vel 2 2
=15 (3) The inverter input currents f,, /5 are related with the
Vo T Ve output currents i, i, by the transpose of the

switching matrix,
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Fig. 5 Block diagram of split dc link and inverter

ioi T ial
=S (1) IV. VOLTAGE CONTROLLER
los 1'02
From Fig. 1 the overall dc link voltage v, and the Fig. 6 shows that the control system is a coupled
voltage difference v4 can be expressed by system., and v and v, affect ealxch order. A set value
for v, the sum of two capacitor voltages, shonld he
V =Vatvae greater than double the peak line-to-line voltages in
| . 1 . order to control voltages and currents without distortion,
= = |(- = J(- 12
I( ot Jalt+-5 f( i )t 1D hereas that of va is zero.
| f Gomi : Fig. 7 shows the control blockdia of v, where
=== | (in-ig )dt € gram X
CJre s the controller output iS imsy in Fig. 4. In order to
Vo = V-V control v various conirollers such as a PI controller can
d "11 - (13)  be applied, and feedforward compensation by measuring
= f ( iuvig )t the output power can be added to the controlier output

to improve the control performance. The controller

; - : : : output is, in effect, the magnitude of the imput cuments

zlil;;s i:eme relation [Ti] between [, i and iu. is in phase with the input phase voltages, which is the
required power by the capacitors to maintain the dc link

i=lg 1 -1 }[ix voltage constant. There is a disturbance of double the
=[ (14)  output frequency due to @z and v, because an and ve

Iog* g 1 Igs have output frequency components.
Fig. 8 shows the control blockdiagram of vy and one
IT4 ’ ‘ ] (15y ~©can see that the system is asymiotically stable, so vy
will go zero and no control for vs is needed. There

exists a disturbance of the output frequency due to a2

The equations (8)-(15) are combined to be eq. (16). of eq. (1_6) and the transfer function of output
The overall control block diagram can be expressed as freequency is as follows
shown in Fig. 6. V4(s) 3

= 17

ay ap Dy(s) ~ 3LCs*+3RCs+4 an

ITIHSJJ , Tz” T3] ’ 52H T‘J_ P the voitage fluctuation of vy should be suppressed for
a e current controllability by designing RLC within the

a,, =a? = -g- (16) output operating frequency range. It can be observed

that in case of zero or very low output frequency
2 . n operation the voltage fluctuations of capacitance are too
0z =0y = vg'ﬂoSlﬂ(Wot - ‘3“) high to satisfy the requirement that each capacitor
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Fig. 6 Simplified blockdiagram of Fig. 5
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Fig. 8 Dc link voltage difference control blockdiagram

voltage must be greater than the peak line-to-line voltage
even if the overall dc link voltage can be maintained
constant. Thus the lower limit of output frequency must
be bounded '

Fig. 9 shows the simulated waveforms from initial
condition w=500V, v~100V. v reaches a set value
600V, and vs gocs to zcro and shows the flucuation. vy
flucuates with the cutput frequency, whereas v and imag
with double the output frequency.

V. EXPERIMENTAL RESULTS

A 1kVA prototype was contructed using 600V, 15A
IGBT IPM module, two 2000F capacitors, and three
3mH inductors. A set of reduced input voltages was
used by a input transformer. A 1kW induction motor
was used as a load of the inverter. The output inverter
was operated by. the sine triangle PWM and the rectifier
was operated by the cument hysteresis control. TI
TMS320C31. DSP processor was used for the control of
the overall system. The sampling time' for the voltage
control and the current hysteresis control was 40psec.
The dc link capacitance voltages are charged initially to
the voltage of a three phase full bridge diode rectifier.

Figs. 10-13 show the experimental waveforms of
voltages and currents of the rectifierfinverter system to
illustrate the transient responses. Time division is 0.5
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Fig. 9 Simulated waveforms of voltage control

sec/div., voltages 200V/div., currents 10A/div.

Fig. 10 illustrates the (ransient waveforms of the dc
link voltages and input currents for the initial voltage
build up. On¢ sees that the magnitude of input current,
which is the output of the voltage Pl controller, changes
according to the referemce voltage, and that the dc link
voltage follows the voltage command. In Fig. 10 /4 is
a waveform through a low pass filter, and has a almost
same waveform of controller output ime. It is seen that
the dc link voltage is self supporting through the charge
of the filter capacitance.

Fig. 11 shows the same waveforms according to
inverter starting and Fig. 12 the change of the reference
voltage with motor running, and Fig. 13 the change of
the load One sees that the controlier works well and
the rectifier/inverter system with eight switches shows
excellant performance and can challenge the conventional
twelve switch system.

VI. CONCLUSION

In this paper, This paper derives a mathematical
model of the dc link voltage control for the three-phase
to three-phase VSI-PWM rectifier and inverter system
with eight switches. The transient model for overall
and difference voltages of split capacitor dc link is
developed. The control system is a coupled system and
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Fig. 13 Experimental waveforms of Joad disturbance

the system for vs is asymiotically stable, so vy will g0
zero and no control for vs is needed. Typical simulated
and experimental results for dynamic responses are
presented to  illustmte important  performance
characteristics to verifiy the developed model.
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