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Abstract- New circuit D-Q transformation concept is introduced 
to  analye AC converters such as inverters, rectifiers and cyclo- 
converters with ease. The equivalent linear time invariant circuit is 
obtained by substituting switches with equivalent turn-ratio variable 
transformers and changing balanced AC reactors into equivalent DC 
reactors combined by gyrators. This circuit enables us to utilize the 
powerful linear system analysis techniques such as Laplace 
transform otherwise which could not be applied to  the time varying 
switching systems. Direct substitution of switches of DC converters 
with transformers is shown as a preliminary. Then the modeling pro- 
cedure is shown for a controlled rectifier-inverter circuit. Finally an 
analysis example is proposed for a buck-boost inverter and the result 
is compared with the conventional approach. This approach is appli- 
cable to  all AC converter families to  determine the AC transfer 
functions and the DC operating points. It is identified that the 
switching systems are equivalent to the RLC filter circuits with 
transformers and gyrators. 

I. INTRODUCTION 

It has been a great problem in the power electronics to deal 
with the switches since they make the linear time invariant systems 
be non-linear time-varying systems [l]. Simplifying or eliminating the 
switches is a great issue in the modeling of switching systems. A 
successful method is the state-space averaging technique [2]. This 
approach is well established for DC-DC converters. A trial for DC- 
AC converters is found in [3]. This eliminates the time-varying 
nature of the switching systems by the equational D Q  transforma- 
tion. The equational approach is, however, limited to the system 
having less than 4-5 reactive elements since the manipulation of 
matrices whose order is higher than 4 is formidable to handle in 
practice. 

The graphical modeling method is very easy to apply and 
reduces the effort to  obtain the model. Also it gives much physical 
insight in comparison with the equational approach. In this paper a 
circuit D-Q transformation method for AC converters is suggested. 
This approach adopts the DQ transformation and an equivalent cir- 
cuit is finally obtained without including the switches and AC reac- 
tors. This makes it very easy to  understand and analyze the switch- 
ing systems. This approach eliminates all cumbersome equations and 
reduces the effort drastically. What to  do is only to  draw an 
equivalent circuit from the original circuit and write the results from 
it. The modeling and analysis procedures are shown for two cases: 
rectifier-inverter and buck-boost inverter, respectively. 

11. SWITCHES AS EQUIVALENT TRANSFORMERS 

A. Switches in the DC-DC Converters 

It is known that conventional DC-DC converters have a unified 
model which consists of filters and transformers [2]. This result is 
obtained by several equational or graphical manipulations. In this 
proposed modeling, direct substituting of switches with a transformer 
is done. So the procedure is drastically simplified. Also the DC 
operating points are determined without any computation. 

As an example, the buck converter shown in Fig. l (a)  is 
selected. The two switches constitute a switch set. This switch set is 
equivalent to a switched time-varying auto-transformer whose turn- 
ratio is defined to  be the dual value of the switch set as shown in 
Fig. l(b). This can be understood as follows: When the switch S, is 
turned on, that is d ( t ) = l ,  the upper turn-ratio is set to zero, that 
is n ( t  ) =0 ,  then the configurations of the two circuits become 
identical, that is, points A and C are connected and points B and C 
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( c )  averaged mode! (a) DC model 

Fig. 1 Buck convene: example 

are disconnected. Since the magnatking inductance of an ideal 
transformer is infinite, points B and C are disconnected. When the 
switch SI is turned off, the lower turn-ratio is set to zero whereas 
the upper one is set to  unity. There has been no approximation so a 
switch set is exactly equivalent to  an auto-transformer. The only 
approximation is the averaging of the turn-ratio. If the switching 
frequency is much higher than the cut-off frequency of the filter, 
then the switching harmonics are negligible compared with the funda- 
mental component. Under this condition the switched transformer 
can be regarded as the conventional ideal transformer whose turn- 
ratio is the fundamental component of n ( t  ) as shown in Fig. l(c). 
The DC model is obtained by simply eliminating the reactive ele- 
ments as shown in Fig. l(d) since there is no time-varying switching 
element. 

I 

The procedures for the boost, buck-boost and Cuk converters 
are the same as those discussed above and the resultant equivalent 
circuits are shown in Fig. 2, Fig. 3 and Fig. 4, respectively. Note 
that the equivalent Dc circuits of the buck-boost and duk converter 
are just identical. 

It is not necessary to use any equations when one is get used 
to this procedure. This useful feature is to be extended to  the AC 
converters. 

B. Switches in DC-AC ( or AC-DC ) Converters 

The fact that a certain switching converter acts as a 
transformer which changes frequency, voltage, current, phase and 
power factor is known in [4]. In this paper this property of switches 
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(b) averaged circuir 
(c) D C  circuit 

(a) origin31 circuir 

Fig. 2 Boost converter. 
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( a )  swrching circuir 

FiS. 5 S\citchcs 3s trarisformcrs of VSI. 

:a) original circuit (b) averaged circuli (c) DC circuit 

Fig. 4 Cuk  convcrrcr. 
'I. iT?pI:* /,f=/$q as transformers is proved in general and extended to all switching 

converters. The proof of the equivalence of the two circuits can be 
done by proving that the outer characteristics of both circuits are 
identical. 

"C ( d 2 - d 5 ) : 1  

d 3  - d 6 ) :  1 

Those of Fig. 5(a) are 

(b) transformer circuit (1) (a) switching circuit 

Fig. 6 Sdrchcs  as transformers of CSI 

i , = i a d l  + ibd2 + i c d 3  

v1 = V , d l  

v2 = V , d 2  

v 3 = V , d 3  . 
And those of Fig. 5(b) are 

.. 
is = i a d l  + i b d 2 + i c d 3  

vl* = V , d l  

v2* = V , d 2  

v3* = V , d ,  

By comparing (1) and (2), it is found that 

i,* = i s  

VI =v l  
v2 =v2 
v3 =v3 

A general switching system is shown in Fig. 7(a) which has m 
inputs and n-outputs. The equivalent transformer circuit is Fig. 7(b). 
The proof is straightforward. Applying the following relationships to  
both circuits, it is easily verified that both of them satisfy the rela- 
t ionships. 

(2) 

(3) 

V'= DT V 

I = DI' 
where 

"[ l n x l  

v'= [ V; 1 n x l  

I = [  'k l m x l  

I'= [ i; 1 n x l  

(4) 

which implies that the two circuits are equivalent. By similar pro- D ' [ d j k  l m x n  . (5 )  
cedure, the equivalent circuit for a CSI is obtained as depicted in 
Fig. 6. 

C. Switches in AC-AC Converters 

It can be claimed that the switch sets consist of the time-varying 
transformers. How to change the time-varying feature of the 
transformer into the time-invariant one is the important problem to 
be solved. 
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Fig. 9 Parritioncd circuiis. 

Fip. 7 Gcneral s \ \ i ~ c I ~ c s  a s  rranxiormcrs. 

R L  

Fig. 8 3-phase rcctliicr-invcrtcr C I I C U I ~  

l : d 2  i2 f; l : d ,  

( b )  D-0 trnn\torrncd ctrciiit (n)original circuit 

F i g .  10 D-0 transform:IiIoil of trnnsformcr sct. 

(I,) D-0 transiormed clrcuit (a)  original circuit 

Fig. 11 D-Q transformation of voltacc ( or current ) sourcc SCI 
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(a )  original circuit (b) D - Q  trJnsfiJrnlcd circuit 

Fig. 12 D - Q  transformation of inductor set 

2 2 
3 3 
2 2 

Cos(ot) c o s ( w t - 7 )  c o s ( o t + 7 )  

7)  sin(wt  + -) 3 
1 sin(wt) sin(wt - 

1 1 l -  1 - l 2  2 

Los(,t + 7)  2 sin(wt + 7) 4. 3 

Applying (7) to  (6), it is found that 

v2 = dm ( vq sin+ + vd cos$) 

i = dmsin+i2 

id = d,cos+ i, (8 )  

The circuit reconstruction of (8) is Fig. 10(b). Note that the 
time-varying nature of the transformer is removed by the D Q  
transformation. 

2) 3-phase Voltage (or Current) Source: The D Q  transformed 

<Proof > 
circuit is shown in Fig. 11. The elimination of 0-axis term is proved. 

111. CIRCUIT D Q  TRANSFORMATION 
(3-Phase Rectifier-inverter Example) 

The modeling procedure is shown for a selectcd converter as 
shown in Fig. 8. The analysis procedure will be shown in the 
succeeding session for a simpler case for illustration purpose. 

A. Circuit Partitioning 

The first step is to  divide the original circuit into several sub 
circuits for convenience. Then the independent partitioned circuits are 
obtained regarding the adjacent voltage or current as the external 
sources as shown in Fig. 9 

B. Sub-circuit DQ Transformation 

There are five kinds of subcircuits. Now the equivalent DQ 
transformed circuits are obtained respectively assuming all elements 
are balanced. 

1) Time-varying Transformer Set: The DQ transformed circuit 

<Proof > 
is shown in Fig. 10. It is assumed that all harmonics are negligible. 

where 

v, = DT vak = D' K-' vqdo 
i,, = Di, =K-' iqdo 

r 1 

D= d ,  =&d, 

(9) 

3) 3-phase Inductor Set; The D Q  transformed circuit is shown 

<Proof > 
in Fig. 12. 

Then 

or 

L ado = - L K ( ~ ' 1 )  iqdo + K vabc 

= - L w  -1 0 0 iqdo+vqdo . I: :J 
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This means LI =-wLid+vq 

L id=  o L i  +vd 
L = v0 = 0 ; balanced condition . (14) 

The circuit reconstruction of (14) is Fig. 12(b). 

4) 3-phase Capacitor Set: The D Q  transformed circuit is 
shown in Fig. 13. 

<Proof > c = iabc 
Then c F-1) vqdo + K - 1  ;qdJ = iabc 

or 

(18) c;, = io = 0 ; balanced condition . 
The circuit reconstruction of (18) is Fig. 13(b). 

5) 3-phase Resistor Set: The D Q  transformed circuit is shown 

<Proof > 
in Fig. 14. 

(19) vqdo = K vabc = K R iabc = R iqdo 

C. Circuit Reconstruction 

The D Q  transformed subcircuits of Fig. 8 is shown in Fig. 15. 
The reconstructions are done by just connecting the adjacent circuits. 
as shown in Fig. 16. Note that DC side subcircuit D is unchanged. 

a' 
d, sin+, : 1 

d ,  cos+, : 1 

C' 

dE : 1 

dE cos+E : 1 

E' 

G' 

6' 

5 . 4  

D. Circuit Perturbation 

The transformer turn-ratio and the gyrator frequency are the 
control signal in the power electronics. To determine the AC 
transfer function, it is necessary to  obtain a perturbed circuit. Those 
who want t o  know the circuit perturbation in detail see the reference 

1) Transformer Perturbation: It is neglected the bilinear term 
PI. 
in Fig. 17(d). 

2) Gyrator Perturbation: There are two kinds of gyrators as 
shown in Fig. 18 and Fig. 19. By applying these pcrturbed 
transformer and gyrator to  the DQ transformed circuit of Fig. 16, 
the AC transfer function can be calculated. 

E. DC Analysis 

It's possible to  determine the DC operating point from Fig. 20 
by shorting inductors and opening capacitors. 

IV. ANALYSIS EXAMPLE 

To illustrate the analysis procedure, the buck boost inverter as 
shown in Fig. 21, which was analyzed in [3], is analyzed here again 
to  compare the two approaches. 

The graphically D Q  transformed circuit is briefly obtained as 
shown in Fig. 22. The perturbed circuit is Fig. 23. 

The transfer function of G,  (s) is obtained for example ; that 
is 

d, cos<bc : I d, : 1 

Fic. 16 Rccnnstructioii of h c  partitioned circuIrs. 

0' 

(a) origlnal t ramformcr  

F' 

Fig. 15 D-Q rrnnsiormed 

pnrtiooned sub-circuirs. 

(c) scpwated transformer (d) final equivalent m n s o r m c r  

Fig. 17 Pcrturbcd rranbfornier. 
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(d) final cquiva!ciit g2T3ior (c) scparatcd gbTator 

JEE W L  

(a) original g).rator 

( c )  separated g n t o r  (d) final equivalcnt e!Talor 

Fig. 24 DC circuli of buck-boost invericr 

W 2 L C 2 R ,  L 
G2(s )  = 1 + ( R ,  C + +- 1 s  

Dm ' D,ZRL 
~ L C  LC'R, +- s2+- . 
Dm D m  

Comparing this result with that in [3], it is found that the 
characteristic equation is the same each other. The EC circuit is 
obtained as deDicted in Fie. 24. Then the DC voltage eain becomes 

Fie  19 Perturbcd y n t o r  (inductor) This result is also the same as that in 131. The modeling procedure 
is, however, considerably simplified by this new approach. The physi- 
cal insight or equivalent circuit are easily obtained by this modeling. 

V. CONCLUSION 

The graphical DQ transformation technique is identified to  be 
general, simple and useful in practice. The switches in the power 
electronics are found to be the time-varying transformers and the 
time-varying feature is removed by the DQ transformation. And it 
is found that the gyrators are introduced when DQ transformation 
is taken to  the reactors at AC side. Somewhat curious operation of 

Dc COSlbc 1 DE cos<br: : 1 

Fig. 20 DC circuit of rcciificr-invcrtcr. 

d L 

-L.-LJb 
FiS. 21 A buck-boost inverter. 

AC converters is due to  the gyrators. 

with transformers and gyrators. 
In general, the switching systems are equivalent to RLC filters 
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