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A High Switching Frequency IGBT PWM Rectified 
Inverter System for AC Motor Drives Operating 

from Single Phase Supply 
K. Thiyagarajah, V. T .  Ranganathan, Member, IEEE, and B. S.  Ramakrishna Iyengar 

Abstract-A PWM rectifierhverter system using insulated- 
gate-bipolar-transistors (IBGT’s), capable of switching at 20 
kHz is reported. The base drive circuit for the IGBT, incor- 
porating short circuit protection is presented. The inverter uses 
Undeland snubber together with a simple energy recovery cir- 
cuit, which ensures reliable and efficient operation even for 20 
kHz switching. The front end for the system is a regenerative 
single phase full-bridge IGBT inverter along with an ac reac- 
tor. Steady-state design considerations are explained and con- 
trol techniques, for unity power factor operation and fast cur- 
rent control of the front end converter, in a rotating as well as 

’a stationary reference frame, are discussed and compared. Re- 
sults from computer simulations as well as experimental re- 
sults, for a 1.5-kW prototype system using GE IGBT’s Type 
6E20, are presented. 

I. INTRODUCTION 
IGH switching frequency inverters are desirable for H ac motor drives, as they permit the operation of the 

drive with practically sinusoidal stator current and fast 
current control for high dynamic performance. In addition 
the audible noises can be reduced at switching frequencies 
of the order of 20 kHz. 

Until recently, power bipolar transistors and MOSFET’S 

have been commonly used for inverters driving ac motors. 
As a third possible alternative, insulated-gate-bipolar- 
transistors (IGBT’s) have emerged recently. IGBT’s offer 
low on resistance and require very little gate drive power. 
A 1.5-kW prototype PWM inverter using GE IGBTs Type 
6E20 is reported in this paper. A gate-drive circuit which 
provides fast turn-on and turn-off, and adequate protec- 
tion against overload/shoot through faults is presented. 

Switching aid networks (snubbers) are necessary to limit 
the stresses on the IGBTs at turn-on and turn-off. At high 
switching frequencies, the snubber losses become an ap- 
preciable portion of the output power, necessitating an en- 
ergy recovery circuit to improve the efficiency. A simple 
and efficient energy recovery circuit which operates reli- 
ably at 20 kHz switching frequency is reported. 
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Fig. 1 .  IGBT PWM rectifieriinverter system 

The front-end converter feeding a PWM inverter, 
should, ideally, regulate the dc link voltage, draw sinu- 
soidal current from the ac mains, without drawing reac- 
tive power, and should have bidirectional power flow ca- 
pability. A PWM type front-end converter with an ac 
reactor at the ac input side meets all the requirements and 
has been used as a voltage source for PWM inverters driv- 
ing ac motors [ l] .  Control techniques for three-phase 
PWM type front-end converters have been reported [2]- 
[4]. There are applications, including single-phase ac 
traction, where operation from a single-phase supply is of 
interest and techniques of control in this context have been 
reported [ 5 ] ,  [6]. 

The ac motor drive system is shown in Fig. 1. The 
front-end for the system is a full-bridge IGBT PWM in- 
verter with an ac reactor. The machine side converter is 
a high switching frequency IGBT three phase PWM in- 
verter. The complete system operates from single-phase 
mains. 

The steady-state design considerations are explained and 
the block diagrams of control in a rotating as well as a 
stationary reference frame of the single-phase PWM type 
front-end converter are developed. The complexities of 
control implementation for the two control techniques are 
studied and compared in this paper. 
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11. 20-kHz IGBT INVERTER 
A .  Gate-Drive Circuit 

The IGBT combines some of the features of both bi- 
polar-transistors and MOSFET'S. It offers low saturation 
voltage and its voltage driven input, like that of a MOSFET, 

requires very little drive power. Its control terminals are 
the gate and emitter. The device turns-on when a voltage 
VGE greater than gate-emitter threshold voltage VGElh is 
applied between the gate and emitter. To turn-off the de- 
vice a resistance RGE must be connected between gate and 
emitter, which provides a discharge path for the gate-to- 
emitter capacitance. Unlike a MOSFET, the IGBT exhibits 
a long current fall time at turn-off. The fall time consists 
of two distinct intervals, one of which is constant and the 
other is a function of RGE. The lower the value of R G E ,  

the smaller is the turn-off time. However, very low values 
of RGE will result in high d v / d t  at turn-off. This can, in 
turn, lead to the device latching 'ON' due to internal ca- 
pacitive currents [7], unless a suitable d v / d t  snubber is 
provided. For fast turn-on of the IGBT, a sharp rising 
pulse of voltage level well above VGErh is to be applied 
between gate and emitter. Again, fast turn-on, while re- 
ducing the turn-on losses in the IGBT, can result in a large 
current spike due to the reverse recovery of the comple- 
mentary feedback diode. A turn-on snubber is necessary 
to limit the diode reverse recovery current. 

The gate-drive circuit developed for the IGBT is shown 
in Fig. 2. The speed-up capacitance C, across RGS pro- 
vides a sharp rising edge while the device is turning-on. 
At turn-off the transistor Q ,  turns-on temporarily and 
brings down the. gate-drive pulse sharply. The gate-to- 
emitter capacitance discharges through the transistor Q, 
and the device turns-off. The resistance RGE improves the 
d v / d t  capability of the IGBT in the off state. 

The IGBT can latch to the ON state if the maximum 
controllable current is exceeded. The gate-drive circuit 
must therefore provide protection against overload/shoot 
through faults. The protection against overloadlshoot 
through faults is provided by sensing the collector-emitter 
voltage through the diode D , .  In the gate-drive circuit of 
Fig. 2, the diode D ,  is forward biased, during the normal 
operation of the device, and the output of the comparator 
remains low. In the event of a fault VCE increases and D, 
gets reverse biased. The output of the comparator goes 
high, if the potential at the positive input terminal (de- 
cided by R I  - R2 network) is greater than the threshold 
set at the negative input terminal. The transistor Q2 turns- 
on and shuts off the gate-drive pulse. The device turns- 
off instantaneously. The opto-isolator gives out a trip-sig- 
nal out of the isolated gate-drive circuit, which is used to 
diagnose the fault and take appropriate action in the con- 
troller. The protection is delayed to the extent of turn-on 
time of the device to avoid false tripping at turn-on. 

B .  Snubber and Energy Recovery Circuit 
To achieve reliable switching and to reduce the switch- 

ing losses in the IGBT's switching aid networks are nec- 
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Fig. 2. Gate drive circuit f o r  IGBT. A-Isolated gate pulse; B-trip sig- 
nal. V , ,  -common power supply. V:-isolated power supply. 
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Fig. 3 .  Undeland snubber circuit. I ,  = IS pH; C, = 0.1 pF; C,, = 0.47 
!JF. 

essary for limiting d u / d t  and d i /d t .  The Undeland snub- 
ber [8] is used as it has fewer components and introduces 
lower additional stresses to the switching devices and 
freewheeling diodes. In addition it confines the losses to 
one resistor making energy recovery simpler. The basic 
switching aid network is shown in Fig. 3 .  The prototype 
1.5-kW inverter is designed to operate from a 220-V dc 
bus, with a peak current of 20 A. The corresponding 
snubber component values are shown in Fig. 3 .  

At the end of each switching the snubber energy is 
transferred to l,s and is dissipated in R,y. The energy dis- 
sipation in R, causes an overvoltage on the device that 
turns off. 

The turn-on energy loss is given by 

where 
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I,., reverse recovery current of the freewheeling diode 

vd, dc bus voltage in volts. 
in amps 

The turn-off energy loss is given by 

W", = (1/2)1,& (3) 
where Z,-load current in amps. 

The snubber losses, for the component values shown in 
Fig. 3 ,  approximately turn out to be 96 W per leg at full 
load at 20-kHz switching frequency. The total power loss 
for the three-phase inverter, therefore becomes an appre- 
ciable portion (300 W) of the output power. Hence an 
energy recovery circuit is used. The snubber with the en- 
ergy recovery circuit is shown in Fig. 4. The features of 
the recovery circuit used are as follows. 

1) Uses fewer components, than the self oscillating 

2) Problem of flux resetting in the recovery trans- 

3) Operates reliably at 20-kHz switching frequency. 
4) Recovery takes place automatically after each 

The operation of the recovery circuit is as follows. At 
the end of each switching the excess energy in the induc- 
tor 1, has to be discharged. To start with some of this en- 
ergy is transferred to CO and the voltage across C, rises 
above the dc bus voltage Vdc. When the voltage rise is 
sufficient to turn-on the MOSFET through the R I  - R ,  net- 
work, the recovery transformer begins to conduct. The 
secondary winding N ,  is clamped to the dc bus voltage 
Vdc, and therefore primary voltage gets clamped to 
( N , , / N y ) v d c .  This is also the voltage across 1, and there- 
fore, the current in 1, drops at the rate of [(N,, /N,)Vdc)] / l \ .  
When the excess energy in the inductor is completely dis- 
charged the MOSFET turns off automatically. Any residual 
energy in the core is returned to the dc bus through the 
tertiary winding NR. The overvoltage across the devices, 
during the recovery process is given by 

push-pull type described in [9]. 

former is eliminated. 

switching; no additional control is required. 

(Np/N~)Vdc (4) 
where 

N p  number of turns on the primary 
N ,  number of turns on the secondary 
N R  number of turns on the tertiary. 

A turns ratio ( N , / N , , )  of 4 is used. Siemens Potcore 
Type No. B65696 T26 is used for the transformer. 

C. Experimental Results 
Fig. 5 shows the experimental current waveforms of the 

recovery circuit. Referring to Fig. 5, it is seen that the 
recovery process is not so pronounced at turn-off. This is 
because the load current is much less compared to the 
value of the excess current AZmax at the time of turn-on. 
The action of tertiary winding NR, in resetting the trans- 
former flux can also be clearly seen. From the device volt- 
age waveforms in Fig. 6, it is seen that device voltage is 

N 

"dc 1 
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Fig. 4.  Snubber with recovery circuit 

Fig. 5.  Recovery circuit currents. Inductor 10 A/div; primary 7.5 A/div; 
secondary 4 A/div; tertiary 0.17 A/div: X :  I O  ps/div.  

Fig. 6. Device voltage waveforms. X :  10 ps ld iv :  Y :  100 V/div .  

not clamped tightly to the value expected (1 + N,, / N \ )  Vdc. 
This is because of the leakage inductance of the trans- 
former. Also the capacitance C, does not quite behave as 
a stiff voltage source. Therefore some additional oscilla- 
tions are superimposed on the inductor current due to 1, 
- CO resonance. 

It can also be seen from the inductor current waveform, 
that the overshoot AZ,,,,, at turn-on is less than the pre- 
dicted value from (2). The reason is that the voltage across 
CO tends to rise during the discharge of energy from C,. 
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This brings the recovery transformer into conduction and 
part of the energy in C,, is transferred to the transformer 
leakage inductance. However, this energy along with the 
energy transferred to I ,  is recovered through the recovery 
transformer. Measurement of the average values of the 
secondary and tertiary currents (using Yokogawa Analys- 
ing Recorder Model No. 3656) shows a total recovery of 
54 W under the test conditions. (a) 

111. REGENERATIVE SINGLE-PHASE FRONT-END 
CONVERTER - VISXS4 /)xs 

A. Steadystate Design Considerations 
The single-phase front-end converter shown in Fig. 1 

consists of a full-bridge inverter using IBGTs, with an ac 

PWM mode with sine-triangle modulation. The supply 
voltage V ,  and the fundamental component V,  of the out- 
put voltage v,(t)  at the ac terminals of the inverter are two 

therefore depends on the phase angle displacement be- 
tween the two voltage phasors. The phasor diagram is 
shown in Fig. 7 .  

reactor at the ac input side. The inverter is operated in the "r 

VS IS 

(b) (C) 

Fig 7 Phaaor diagrams of tront-end convener (a) Lagging power factor 
(b) UPF forward power flou (c )  UPF reverse power flow sinusoidal voltages separated by a reactor. The power flow 

Under full-load conditions 
Power transferred from the source to the converter ac 

terminals is given by 

= V,I, cos c#l 

where 

V,  RMS value of the ac supply voltage (V) 
V, RMS value of the fundamental component of the 

voltage generated at the ac terminal of the in- 
verter (V) 

6 Phase-angle displacement between voltage phasors 
V,  and V, 

X ,  Reactance of the ac reactor at 50 Hz (a) 
C$ Power factor angle. 

If the dc link voltage V,, is to remain constant then the 
input and output powers must be balanced. 

From the phasor diagram of Fig. 7(a): 

I ,  cos 4 = V, sin 6 / X ,  

I, sin 6 = (V,  - V,  cos 6 ) / X , .  

(7) 

(8) 

If the reactive power drawn from the mains is to be 
zero, then the power factor must be unity. Hence from (7) 
and (8): 

(9) I , X ,  = V,  sin 6 

V,  = V, cos 6. (10) 

The phasor diagrams at unity power-factor operation 
for forward and reverse power flow are shown in Fig. 7(b) 
and (c), respectively. From (9) and (10): 

VrFL = V,  d l  + X f u  

xpu = (I\FLx\)/V~ (13) 

(12) 

where 

IsFL full load rms ac current assuming unity power- 

Equation (12) implies that V,  is greater than V', by a 

factor (A). 

factor m known as the boost factor. 

B. Design Considerations 
The dc link voltage is decided by the line-to-line volt- 

age rating of the motor. The dc link voltage together with 
the full-load power decides the voltage and current ratings 
of the power devices to be used. From the previous dis- 
cussion the magnitude of V,  varies between a minimum 
of V ,  to a maximum of V,  m. This maximum value 
of V, is decided by the maximum value of the phase sep- 
aration 6 which occurs under full load condition. 

For a selected power device the minimum pulse or notch 
width that can be reliably reproduced in the inverter is 
decided by the device switching speeds and snubber re- 
laxation times. The control technique adapted requires that 
the inverter always operate in full modulation, i.e.,  with 
modulation index ( m )  less than or equal to one where m 
is defined by 

m = Amplitude of sine reference/Amplitude of trian- 
gular carrier. The minimum value of m is decided by the 
fact that the minimum value of V, is equal to V,,  

i.e., mmln = v,/(vd,/J2). (14) 

It is desirable that, the reactor value is selected in such 
a way that, the maximum modulation index at which the 
inverter operates is as close to one as is permitted by the 
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Fig. 8.  Block diagram for dc voltage regulation. 

minimum pulse or notch width capability of the device. 
This is because under this condition the magnitude of V, 
varies over a wide range making the control less sensitive 
to the errors in the controller gains, compensations, etc. 
If a very low value of inductance is used the range of 
variation of V, becomes very much limited and the control 
becomes very sensitive to the above errors. Moreover the 
switching frequency has to be increased for a smaller re- 
actor size in order to limit the current ripple. For a given 
minimum pulse or notch width the switching frequencies 
can only be increased upto the point where the minimum 
modulation index condition given by (14) is not violated. 

Hence for a selected switching device the switching 
frequency should be selected so as to obtain a modulation 
index ( m )  close to one, under full load condition. With 
this maximum value of m ,  the corresponding values of 
V,FI, and hence Xpu can be calculated from (12). The size 
of C is decided by the amount of ripple voltage and cur- 
rent allowed at the dc link. 

C. Dynamic Control 
The control philosophy is to regulate the dc link volt- 

age, by matching the input power to the converter with 
the power demanded from the dc link, while maintaining 
the power-factor at unity for either direction of power 
flow. That is, 

V\l\ = V d J d  (15) 

I.e., 

(J2V,J21\) /2  = V,J, (16) 

or 
Id = (J2V,/2Vd,)(J2Z,). (17) 

Therefore the amplitude of the ac input current must be 
controlled to balance the input and output powers of the 
converter, and it should be maintained in phase with V, .  
The voltage regulation scheme can therefore be repre- 
sented as shown in Fig. 8. The scheme consists of a fast 
inner current loop and an outer voltage loop. 

The current loop of Fig. 8 ,  can be realized by hysteresis 
current control of the PWM inverter [lo]. However, the 
switching frequency is not constant in hysteresis control. 
Therefore the current harmonics injected into ac line are 
also not at fixed frequencies and cannot be filtered effec- 

tively. On the other hand, if the PWM inverter is operated 
as a voltage source inverter with sine-triangle modulation, 
the harmonics of the ac voltage and consequently the ac 
current occur at well defined frequencies. Therefore, fil- 
ters can be designed to suppress the ac current harmonics. 
In case of high power drives the inverter can be split into 
several parts and harmonics can be canceled out between 
part inverters by phase shifting the carrier waveforms [ 1 11. 
This realization has led to the investigation of voltage 
source operation for the front-end converter with sine-tri- 
angle modulation [2], [12]. In general, current control of 
voltage source inverters can be accomplished either in a 
rotating or a stationary reference frame [ 131. Control in a 
stationary reference frame leads to ac control loops, with 
inevitable phase errors between inputs and outputs. In 
variable frequency application such as ac motor drives, 
the phase errors change with frequency and are therefore 
difficult to compensate. Therefore, control in a rotating 
reference frame, resulting in dc control loops, is preferred 
in such applications. For inverters operating from fixed 
frequency three-phase mains, there is no significant dif- 
ference in the complexity of implementation between the 
two techniques [4]. However, control in stationary coor- 
dinates with correction for the phase-lag produced by the 
control loop seems to have been favored [2], [4]. 

The present work is focused on single-phase systems. 
This is because for low power drives, the input is more 
likely to be single phase. Many UPS systems also operate 
from a single phase supply and a single-phase front-end 
converter can be used [ 14). Another important application 
for single-phase systems is that of ac traction. 

In the following sections the current control of the sin- 
gle-phase voltage source PWM inverter is studied in a ro- 
tating as well as a stationary reference frame. The block 
diagrams of the control system are developed. 

D. Control in Rotating (d-q) Reference Frame 
The usual advantage cited for the use of rotating ref- 

erence frame control is that the control loops work on dc 
quantities and the bandwidth requirements on the con- 
trollers are less demanding. However, all feedback quan- 
tities have to be translated into the rotating reference 
frame. In the present case, this implies isolating the direct 
(or active) component i\d ( t )  and the quadrature (or reac- 
tive) component i \q(t)  of the ac current i , ( t ) .  The model- 
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ling of the system, for the d-q reference frame of control SC d7 v, %L,i,q(t) v,, ( t )  
I I is carried out as follows. The instantaneous values of sup- , 

ply voltage U , ,  supply current i, and the average value of 
the converter ac terminal voltage, ur ,  can be expressed as 

(18) 

(19) 

u,(t) = urd(t) sin w , t  + urq(t) cos w , t  (20) 

where the subscript ' d '  denotes the quantities in phase 
with V, and 'q' denotes the quantities in quadrature with 

The voltage equation for the single phase system is 

u,(t) = d 2 ~ ,  sin w,t 

i,(t) = isd(t) sin w,t + iAq(t) cos w,t 

VY. 

given by 

U , ( t )  = L, + z,,(t) 
dt 

Substituting (18)-(20) into (2 1)  arid collecting sin ut and 
cos ut terms separately the following equations for the 
currents can be obtained. 

Considering (22), the plant for current loop can be rep- 
resented as shown in Fig. 9 for the d axis. A similar dia- 
gram can be drawn for the q axis, by considering (23) .  

If the desired response of the current loop is a first- 
order lag of T ,  then the dynamics of the current loops can 
be described by 

where 

T 

K, current feedback gain 

lag of the converter corresponding to the switching 
frequency 

superscript * denotes the control signals for the ref- 
erence values. 

Comparing (22) and (24) the control law for &(t) can 
be written as 

CONVERTER 'rd(') 

Fig. 9. Control plant for d-Axis current loop. 

(27) 

The block diagram of the control scheme for the d axis 
according to (22) and (26) is shown in Fig. 10. An outer 
voltage control loop is provided to regulate the dc link 
voltage. The instantaneous value of the dc link voltage is 
compared with a reference, and the error after passing 
through a controller, is used as the reference signal for 
the d axis current. The feedfonvard load compensation is 
used, so that the system can be stabilized with a simple P 
controller for the voltage loop. The gain of the P control- 
ler is calculated, using classical linear control system the- 
ory. 

The control scheme for the q axis is similar except that 
the reference for q axis current is fixed at zero, since for 
unity power factor operation the q axis current must be 
forced to zero. 

As seen from the block diagram of Fig. I O ,  the control 
scheme requires the d- and q-axis components of the ac 
current as feedback signals. These components of the cur- 
rent are calculated as follows: 

Multiplying (19) by sin U ,  t 

i , ( t )  sin w,t = i,<!(t) sin' w,t + i , [ /( t)  cos w , t  sin o,t 

Multiplying (19) by cos w , t  

i , ( t)  cos w, t  = i , [/(t) sin w,t cos w,t  + i,,(t) cos2 w,t  

L L 

(29) 

If the double-frequency components present in (28) and 
(29) are filtered, then i,,,(t> and i,,(t) can be obtained. The 
calculation of i , d ( t )  and i,,(t) is shown in the block dia- 
gram of Fig. l l .  

To eliminate the double-frequency components, it 
would appear that a simple low pass filter would be suf- 
ficient. However, with the introduction of low pass filters, 
the response of the current loops gets limited by the cor- 



S82 

~ 

IEEE TRANSACTIONS ON POWER ELECTRONICS. VOL. 6. NO 4. OCTOBER 1991 

k ”  - 

U 
cos w,t 

Fig. 11. Block diagram for calculation of i , ,  and 

ner frequency of the filters, rather than the lag of the con- 
verter as assumed in (24) and (25). It was found through 
computer simulation that only a notch filter designed to 
eliminate the double frequency components gave satisfac- 
tory results. 

E. Control in Stationary Reference Frame 
In a stationary reference frame of control the inner cur- 

rent loop will be working with ac quantities, while the 
outer voltage control loop will be working with dc quan- 
tities. The modeling of the system is carried out as fol- 
lows. The voltage equation (21) can be written as 

According to (30) the plant for the current loop can be 
represented as shown in Fig. 12. 

As before, if the desired response of the current loop is 
a first order lag of T ,  then the dynamics of the current 
loop can be described by 

The reference i ,*(t) is sinusoidal and hence the response 
i ,  ( t )  will also be sinusoidal with a phase lag of arc tan wT. 
This phase lag can be compensated for by introducing a 
corresponding phase lead for the current reference i,* (I). 
Comparing (30) and (3 1)  the control law for U,* ( t )  is writ- 

U U 

C O N V E R T E R  
Fig. 12 .  Control plant for current control in stationary coordinates. 

ten as 

zi ( t )  L 1 
t1,*(t) = - _I ~ [ i F ( f )  - K,i,( t)].  (32) 

G T GK, 

The block diagram of the control scheme, in a stationary 
reference frame, according to (30) and (32) is shown in 
Fig. 13. This scheme also consists of an outer voltage 
control loop with a P controller and feedforward compen- 
sation for the load current. The current reference is given 
a phase lead, to account for the phase lag introduced by 
the loop. The gain of the P controller is calculated using 
classical linear control system theory. 

F. Computer Simulation 
The simulation results of the front-end converter are 

obtained using the simulation software TUTSIM [ 151. The 
switching process of the front-end converter with sine- 
triangle modulation is represented in the simulation. Figs. 
14 and 15 show the simulated results for the rotating ref- 
erence frame control and the stationary reference frame 
control respectively. The results show that there are no 
significant differences between the two techniques of con- 
trol described above, as far as the performance of the con- 
verter is concerned. Hence considering the difficulties in 
obtaining the d- and q-axis components of ac current as 
feedback signals in a rotating reference frame control, the 
stationary reference frame control is easier to implement. 
The phase error introduced by the control loop can be eas- 
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VI 

Fig. 16. AC voltage and current-forward power How. X :  10 ms/div. ;  Y,: 
50 V/div. ;  Y2: 3.15 A/div. 

. .  - .  VI 

> -200 1 , , , , , , , , l ~ l ~ l n l  
0 0.05 0.10 0.15 0. 20 

Time in secs. 0.01 sec/Div. 

Fig. 15. Simulated waveforms for stationary reference frame control. Step 
reversal of load at 0.1 s.  

ily compensated for as the front-end converter operates 
from a fixed frequency ac voltage source. 

G. Experimental Results 
A prototype 1.5-kW laboratory model of the front-end 

converter is made using GE IBGT Type 6E20. The ac 
current is sensed by a simple inexpensive current sensor. 

Fig. 17. AC voltage and current for step reversal of power How. X :  12.5 
ms/div., Y,:  50 V/d iv . ,  Y 2 :  2.5 A/div.  

The dc load current for feedforward compensation, is 
sensed by a Hall-effect current transducer. The reference 
sine wave is obtained through a potential transformer con- 
nected across the ac supply terminals. The control scheme 
is as shown in Fig. 13. The converter is operated with 
sine-triangle modulation with a carrier frequency of 1 
kHz. The gains in the controller are adjusted for a nomi- 
nal ac supply voltage of 110 V (rms) and a dc link voltage 
of 220 V and the proportional gain is adjusted to 5 .  

To start with, the dc link capacitor is charged through 
the diodes of the front-end converter itself with the gating 
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Fig. 18. DC link voltage and ac current for step reversal of power flow. 
X: 12.5 ms/div., Y , :  62.5 V/div. ;  Y2: 2 . 5  A/div. 

pulses to the IGBT’s being blocked. When the gate pulses 
are released, the dc link voltage builds upto the reference 
value set by the voltage control loop. 

Fig. 16 shows the experimental waveforms of ac supply 
voltage and current at 45 % of full load for forward power 
flow. It is seen that the ac current is nearly sinusoidal at 
unity power factor. 

Fig. 17 shows the transient waveforms for a step change 
of load current from one direction to the other. The sys- 
tem responds as expected, and has a high dynamic per- 
formance. Fig. 18 shows that there is practically no 
change in the dc link voltage even when the load current 
changes from one direction to the other, in step fashion. 

IV. CONCLUSION 
An inverter/converter system operating from a single- 

phase supply has been described. The power device used 
in the system is the IGBT. The inverter can operate at 
switching frequencies up to 20 kHz. Snubber circuits 
along with energy recovery networks suitable for high fre- 
quency operation have been described and experimental 
results from a laboratory inverter have been presented. 

The steady-state design considerations of the front-end 
converter have been discussed. The block diagrams for 
dynamic control in a rotating as well as a stationary ref- 
erence frame have been developed. Experimental results 
from a laboratory converter with stationary reference 
frame control have been presented in support of the anal- 
ysis. 
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