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ABSTRACT 

This paper presents the analysis and the technique of determining 
the cross regulation characteristics in multi-output high order 
Series Resonant Converters. The steady state cross regulation 
characteristics are derived using the state-plane techniques, illus- 
aated by the example of a two-output LLC type SRC. It also 
suggests a technique of minimizing the cross regulation by com- 
pensating the differential rate of leakage fluxes in the multiple 
secondary windings of the isolation transformer. Our theoretical 
results are verified by simulation. 

I. INTRODUCTION 

Most instrument power supplies have more than one output. How- 
ever , in practice, only one of these outputs is regulated by feedback 
control, while the others are either unregulated or post regulated. The 
percentage change in one of the output voltages due to the load varia- 
tions in other outputs, is known as the cross regulation problem. This 
problem severly limits the controllibility range of each output in the 
converter. 

Most multi-output converters use transformers with multiple 
secondary windings to deliver power to their loads. The steady state 
cross regulation in these converters depend on the leakage inductances, 
the core and the copper losses in their transformers. Previous analyti- 
cal work on the cross regulation is available mainly in the case of the 
fust order converters such as the buck and the flyback converters. 
There are studies reported on the second order resonant converters, but 
none is available for the 3rd or higher order. In this paper, we present 
an analysis of the cross regulation in multi-output resonant converters 
of order higher than two. To illustrate our approach, we derive the 
steady state cross regulation characteristics of a half-bridge two-output 
U C  type Series Resonant Converter. Based on our analysis, we sug- 
gest a technique of minimizing the cross regulation by compensating 
for the rate of change of differential leakage flux in the secondary 
windings of the transformer. We use computer simulation to verify our 
theoretical results. 

II. CONVERTER MODEL FOR A TWO-OUTPUT SRC-LLC 

A half-bridge two-output SRC-LLC is given in Fig. 1 and its 
equivalent circuit is shown in Fig. 2. In the equivalent, circuit we use 
the transformer circuit model [2] in which we assume that the magnet- 
izing inductance, L,,,, is much higher than the leakage inductances of 
the primacy, Lb. and the two secondary windings, !&and Lk.. There- 
fore, L,,, has been ommited from the equivalent circuit. The primary 

leakage inductance L b  can, however, be included in the resonant 
inductance L1. We have also assumed that the switching frequency is 
sufficiently low so that the core and the copper losses are negligible 
and the winding capacitances can be ignored. Furthermore, the resonant 
inductors L1 and L2 are assumed to be much higher than the leakage 
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Fig. 1 A half-bridge two-ourput SRC-LLC 
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Fig. 2 The equivalent circuit. 

iruiuctances. V, is an equivalent two-state voltage source (+V8, -VB),  
representing the switching inversion in the input circuit. We assume 
that switches S1 and S 2  are driven by a square wave of frequency f, 
with 50% duty ratio. The two output circuits consisting of the 
transformer, rectifiers, filters and the load resistances are modelled as 
two-state voltage sinks V E ~  and VE2 as given below 

i = 1,2 

where Voi and ioi are the output voltages and currents, respectively. In 
the following section we present the steady state analysis of the con- 
verter in which it is assumed that V, is feedback regulated and Voz is 
unregulated. It is also assumed that the load current at V0l is higher 
than the load current at Vo2. 
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III. CONVERTER OPERATION 
IN CONTINUOUS CONDUCTION MODE 

The steady state response of SRC-LLC operating in the continuous 
conduction mode can be obtained from the converter response of the 
circuit modes over a half switching period where Vs equals +Vg . Con- 
sider that in the equivalent circuit of Fig. 2 the currents iL1 , iol and 
lo2 are all positive. The circuit comprising of 4 1 ,  Vol, LkZ and Voz can 
be replaced by an equivalent voltage sink Vo' in series with an inductor 
Lb which are given as 

(1) 
Lk 2 Lk 1 v; = Vo1 - + v02- 

Lkl  + Lk2 Lkl + Lk2 

Lk1Lk2 

Lk l  + Lk2 
L u  = - 

The resulting equivalent circuit, given in Fig. 3(a), is used for the 
analysis of the circuit mode mll in the converter operation. In this 
mode,at instant t = z,the current ioz becomes zero due to the following 
condition; 

diol dioz 
+ L k l x  - L k 2 7  voZ (3) 

This will remove Lk2 and VOz out of the circuit of Fig. 2 leaving VOl 
as the only effective voltage sink in series with Lkl. The new 
equivalent circuit is shown in Fig. 3(b) which is used for the analysis 
of converter operation in the circuit mode m 12. The mode m 12 exists 
until at the instant t = t l  the inductor current iLl becomes zem and 
changes polarity in a resonant manne5causing the polarity inversion of 
voltage sinks Vol and Voz . The current iO2 will also stalt increasing 
negatively. Therefore, both voltage sinks and leaksge inductances are 
replaced by V i  in series with Lb as was done in the first circuit mode. 
The resulting equivalent circuit is shown in Fig. 3(c) which is used for 
the analysis in circuit mode m The circuit mode m 13 exists until the 
half switching period is over. In the next section, we present the 
steady state analysis in the above mode sequence by using the state- 
plane methods. 

I 

( 4  m 13 

Fig. 3 Circuit modes 

. .  . .  3.1 order wcuit 

It can be seen from Fig. 3 (a) that each circuit mode is a 3rd order 
circuit . Before the state-plane methods can be applied, each circu;; 
mode is decomposed into a first order circuit and a 2nd order resonant 
circuit by using the technique presented in 131. Consider circuit mode 
m l l  shown in Fig. 3(a). It can be shown that in the s-domain, the 
inductor current iL and the capacitor voltage v, are given as follows, 

By expanding eq. (1) into partial fractions, we obtain 

From eqn.(5) we can synthesize a first order and a second order circuit 
as shown in Fig. 4(a) 

(6) 

(7) 

iL1 = iso + isl 

L2 

L l + L Z + L k  
b l =  

The decomposed circuits for all circuit modes in are shown in Fig. 4 
(a),(b) and (c), where, 

mi3 

Fig. 4 The decomposed circuit modes in sequence 1. 

3.2 W + i p ! s  i 
In the state-plane analysis, we normalize all voltages and 

currents with respect to Vs and Vg/Zolj, respectively, where Zol, is 
the characteristic impedence of circuit mode m Furthermore, the 
converter gains M1 and M 2  are used in place of the normalized out- 
put voltages V, and VW2. 
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The state-plane trajectory for the first order circuit, shown in Fig. 
5, consists of straight lime segments. The state-plane trajectory of the 
resonant circuit for a circuit mode consists of circular arc as shown in 
Fig. 6. The normalized state-plane equation is given by, 

di,l - v W 1  + b (1 - V,) 
(9) -= 

dvm 1 in9 1 

where b is a constant in a specific circuit mode. The singular point on 
r 7 

the normalized state-plane is 

Fig. 5 The state-plane trajectory of the First order circuit 
modes in Sequence 1. 

Fig. 6 The state-plane trajectory of the 2nd order circuit 
modes in Sequence 2. 

The current id  1 in a circuit mode m 11 is obtained from 

id = imo + iml 

Fig. 7 shows the analytically predicted waveforms of currents 

i L l ( t ) ,  iol(t) and io2( t )  

The current id  1 in a circuit mode m 11 is obtained from 

id = imo + iml 

Fig. 7 shows the analytically predicted waveforms of currents 

i L l ( t ) ,  iol(t) and io2( t )  

7-5 /2 

The normalized average current I M 2  which is supplied to the load 
R L ~ ,  can be obtained from averaging i M 2  over the half switching 
period in sequence 1, which is given by 

(1 1) 

where, 

The normalized average current Ing supplied by the source can be 
obtained from averaging id&)  over the half switching period, which 
is given by 

+ V ~ , ( C O S ~ ;  - (14) 

IV. CROSS REGULATION CHARACTERISTICS 

By equating the power supplied from the source to the power 
delivered to the load, we obtain 

M :  +M'1 Ins = - 
Q i  Q 2  

where Q ,  and Q 2  are the normalized load resistances of R L ~  and R L ~  
with respect to Zoll, respectively. From the steady state solution of 
both sequences in the previous section, the converter gain M 2  can be 
derived as a function of Q 1, Q 2  and M1. The cross regulation charac- 
teristics are plotted as the curves of M z / M  vs. Q l/Q2 with M 1 and 
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Lt1/Lk2 as parameters. Fig. 8 shows the curves for SRC-LLC operat- 
ing in the continuous conduction mode. The cross regulation of second 
output can be obtained from the slope of the characteristic curves. A 
lower slope indicates a lower cross regulation The cross regulation for 
Lk1/Lk2 = 0.33 is higher than that for the case of = 3.0 . The 
cross mgulation is expected to be the best at Lkl/LkZ = 1.0 . 

(a) 

The characteristics curves with M1 as parameter in Fig. 8(b) show 
that the cross regulation is lower for a lower value of converter gain 
MI. Low converter gian M is a desireable feature for good self regu- 
,ation [ l ]  in SRC topologies. This will allow for the use of a low turn 
ratio high frequency transformer in the converter design. Furthermore, 
the cross regulation in SRC-LLC is much lower than that reported in 
[2] for the case of a 2nd order SRC-CVC case. 

- 

I I I I I I I I (  

where the leakage fluxes in the transformer secondary windings are 
given by. $fi = ~~i~~ i = 1.2 

The differential rate of change of leakage flux can be compensated by 
connecting an additional transformer as shown in Fig. 9. The 
transformer has 1:l turn ratio. In this technique, the output currents are 
forced to become zero simultaneously. A high capacitor value of Col 
and CO2 are added in series with the transformer provide the isolation 
between the two output circuits 

(18) 

VI. SIMULATION RESULTS 

A two-output converter circuit was simulated using MCAPII pro- 
gram which has following parameters: 

Switching frequency = 312.5 KHz , 
v , = 7 5 v ,  L k , = l W ,  L k 2 = 3 w L 1 = L 2 = 1 2 J , l H ,  c = 3 3 f l  

Resonant frequency = 359 K H ~  

Fig. 10 shows the waveforms of iL1, iol and iO2 for converter gains 
of M1 = 0.61, and M 2  = 0.63 , with loads R L ~  = 20 ohms and 
RL2 = 100 ohms, are in full agreement with the analytical waveforms. 
The experimental verification of above results along with the imple- 
mentation of the minimization technique will be presented in a fuhm 
Paper. 

I I * vg ~C L I  

Fig. 9 The cross regulation minimization by compensating the 
differential rate of leakage fluxes in the transformer secoiid:*rv 
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Fig. 10 The simulated current waveforms in LLC-SRC circuit. 

M. CONCLUSION 

The cross regulation characteristics are as useful as the self- 
regulation characteristics in the converter design. In this paper we 
have analyzed the steady state operation of a two-output SRC-LLC in 
continuous conduction mode and derived the cross regulation charac- 
teristics. A technique has been suggested to minimize cross regulation 
by incorporating an extra transformer to compensate for the differential 
rate of leakage fluxes in the main transformer. The analytically 
predicted waveforms are verified by computer simulation. 
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