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A SPICE model of orthogonabcore transformers 
0. Ichinokura, K. Sato and T. Jinzenji 
Department of EIectricaI Engineering, Tohoku University, Sendai 980, Japan 

K. Tajima 
Department of EIectricaI Engineering, Mining College, Akita University, Akita 010, Japan 

This paper deals with a numerical model of orthogonal-core transformers for use in SPICE. 
The model was devised on the basis of the magnetic circuit of the orthogonal-core with 
the saturation and hysteresis effects. Using the numerical model, the behavior of the dc-ac 
converter constructed with the orthogonal-core transformers and square-wave transistor 
choppers was analyzed. The calculated values and measured ones show a good agreement. 
The method presented here is suitable for the circuit analysis and design optimization 
of the dc-ac converter taking account of nonlinear characteristics of the orthognal-cores and 
semiconductor devices used in the converter. 

1. INTRODUCTION 

The authors have proposed earlier, a dc-ac converter 
equipped with orthogonal-core transformers for connect- 
ing a solor cell array to the utility grid.’ 

For circuit analysis and design optimization, it is nec- 
essary to predict circuit behavior considering the nonlinear 
characteristics of the orthogonal-core transformers and 
semiconductor devices used in the converter. 

One method of analysis is the utilization of SPICE, 
which is general-purpose circuit simulation program. But a 
suitable model for orthogonal-core transformers has not 
been reported. This paper deals with a numerical model of 
the orthogonal-core transformers for use in SPICE. 

II. MAGNETIC CIRCUIT OF ORTHOGONAL-CORE 

Figure 1 shows the orthogonal-core transformer. The 
primary and secondary windings are Nr and h$. The pri- 
mary and secondary currents are il and i2 The dashed 
curves & and (pZ illustrate the primary and secondary 
fluxes. 

Figure 2 shows a magnetic circuit of the orthogonal- 
core. In this circuit, the reluctances express the saturation 
and the inductances the hysteresis. Therefore, each current 
can be divided into the current due to the saturation and 
the current due to the hysteresis. 

Now, let the former and latter currents be 
llrn and i,, in the primary and iz, and izg in the secondary. 
That is, il = it, + ilg and iz = iz, -I- iZr From the mag- 
netic circuit, these currents are given by 

Nlil,=2[F(qV + P(#b) I, 
N&=2[F(4,) - R&Jl, 

FIG. 1. Schematic diagram 
of the orthogonal-core trans- 
former. 

Nlilg=2[F(~) +F($)], 
iV&=2[F(z) -F($-)], (1) 

where 

A?= (41+4?)/2 and +b= ($1 - 42m (2) 

Considering the nonlinearity of the reluctances and in- 
ductances, we assume their characteristics as: 

F(4) =a$ + a3#3 + a545, 

~fg)=h(~) +b3(g)3 +b5(qt (3) 

where al, a3, as, b,, b,, and b5 are constants. where al, a3, as, b,, b,, and b5 are constants. 
From Eqs. (l)-(3), we can obtain the currents ilm, 

i2,,,, i,, and izB. The characteristics of the orthogonal-core 
are that the saturation currents inn and izm are determined 
by the relative values of the primary and secondary fluxes 
and that the hysteresis currents i,, and z& depend on both 
the primary and secondary excitation voltages. 
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In SPICE analysis, magnetic saturation and hysteresis 
are simulated by using nonlinear current-controlled and 
voltage-controlled current sources, respectively.’ For this 
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c +b c ‘t’b - @b 

&=d$a/dt, ib=d$b/dt 

FIG. 2. Magnetic circuit of the orthogonal core. 
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SPICE PROGRAM 
VDl 1 0 DC 50 
VW. 0 2 DC 50 
CO I 2 4700UF 
XT1 1 5 11 TR 
XT2 12 6 2 TR 
XT3 1 7 21 TR 
XT4 22 a 2 TR 
. SUBCKT TR 1 2 3 
P 1 2 3 DMOD 
D 3 2 DMOD 
.ENDS TR 
D3 2 11 DMOD 
D4 12 1 DMOD 
DS 2 21 DMOD 
D6 22 I DMOD 
IBI 11 5 PULSE{1 -1 0 0.2M 
+ 0.2~ 9. aM 20~) 
IB2 2 6 PULSE(1 -I 0 0.2M 
+ 0.2M 9.M 20M) 
183 21 7 PULSE(-1 1 0 0.2M 
t 0.2~ 9.aM 20~) 
I84 2 8 PULSE(-I 1 0 0.2M 
+ 0.2M 9.&M 20M) 
YE1 4 0 SIN{0 70. 5 50 SM) 
VE2 0 14 SIN(0 70.5 50 54) 
VIA 4 24 0 
Dl 24 13 DMOD 
D2 14 23 DMOD 
Xl 11 12 13 14 OCORE 
X2 21 22 23 24 OCORE 

FIG. 3. Numerical model 
of orthogonal-core trans- 
former for SPICE. 

.SUBCKT OCORE 1 2 3 4 
RI 1 5 0.68 
R2 3 I 0.68 
Ll 6 2 0.66678 IC=O 
I.2 8 4 0.66678 IC=O 
VVl 5 6 0 
vv2 7 0 0 
Fl 5 2 POLY(2) VVl VV2 0 0 0 0 
t 0 0 -1.2037 0 -3.6111 0 0 0 0 
t 0 0 0.65506 0 6. SSO6 0 3.2753 
F2 7 4 POLY(2) VV2 VVl 0 0 0 0 
t 0 0 -1.2037 0 -3. 6111 0 0 0 0 
t 0 0 0.65506 0 6.5506 0 3.2’753 
Cl 5 2 POLY(2) 5 2 7 4 0 0.000174 
t 0 0 0. 0 -2.58E-10 0 -‘I. 75E-LO 0 
t 0 0 0 0 0 6.32E-IS 0 6.328-14 0 
+ 3.16E-14 
c2 7 4 POLY(2) 7 4 5 2 0 0.000174 
t 0 0 0 0 -2.56E-10 0 -‘f.?SE-10 0 
+ 0 0 0 0 0 6.32E-16 0 6.328-14 0 
+ 3.16E-14 
. ENDS OCORE 
. MODEL QMOD NPN(TP=ZOONS) 
.MODEL DMOD D(IS=lE-6) 
.OPTIONS LIMPTS=2000 lTLS=O 
t VNTOL=lOOMV ABSTOL=lOMA 
.TRAN 0.lM.S 1OOMS 0 0. 1MS UIC 
. PRINT TRAN V(11.12) V(21.22) 
+ V(4.14) I(VIA) 
. END 

FIG. 4. Experimental circuit 
For obtaining the constants. 

-T&S-$- 
Nz I m(n) 

(a) Flux-MMF relationship. 

FIG. 8. SPICE program’ of the dc-ac converter. 
FIG. 5. Measured charac- 
teristics of the orthogonal 
core used in this paper. 25 =-; ,v; 
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reason, we subdivide the saturation currents as: 
ilm=iIO + lln, and izm=&, + izn, where il,, and i,, are cur- 
rents proportional to each side flux. From the calculations 
mentioned above, i,, and izO are obtained as: 

i1f)=2qq+/fv1, i2,=2q$~/N~. (4) 

Usmg i,, and izo, we rewrite the fluxes C#Q and & in the 
equations of the currents i,, and &Then these currents 
can be expressed as follows: 

jtn=All j:. +A12 40 i& + A13 iyo 

+ At4 if0 ito + At5 ilo &, (5) 

(b) Iron loss characteristic. 

Ed 
FIG. 6. Circuit configura- 
tion of the orthogonal- 
core-type dc-ac converter. 

a0 line 

FIG. 7. SPICE implementa- 
tion of the dc-ac converter. (a) Calculated waveforms. (b)' Observed waveforms. 

FIG. 9. Comparison between the calculated and observed wave forms. 
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TABLE I. Coefficients in Eqs. (5)-(8). 

i 4/ 4 Bll 4j 
0 . . . . . . 26,/N; 26,/N; 
1 a3Nf/16a: a,N@5a: b,/22v;’ h/2@ 
2 3a3Nz/16a: 3a,Nf/16aj 36,/2NTN; 36,/2N;N: 
3 a,N;‘/256a: a,N$/256a: Wfl b,/8@ 
4 5aSNTNi/128a: 5a,NgNt/128a: 5b5/4NN; 56,/4h$N; 
5 5as@/256a: 5a5#/256a: 5b,/8N# 5b,/8N;N 

&=z&, &  + A22 &I $0 + &  $0 + A24 $0 &J 

+ & ho zk. (6) 

Furthermore, let the excitation voltages Ni (d&/dt) 
and N,(d&‘dt) be v1 and v2, respectively. Then the hys- 
teresis currents iI, and izg are expressed as: 

i*,=&ov1 + B, Iv: 
+ B&z4 + &,v: -t B&v; + BISW; (7) 

izg=B2& f B~Iv~ + B29& + Bav: + B&v~ 

+ B25~2$ (8) 
The coefficients in the equations are listed in Table I. 

Accordingly, the SPICE model is presented as shown in 
Fig. 3. In the figure, L1 and L2 are linear inductances given 
by L1 = Nf/2al and Lz = @ /2a,, F, and Fz are nonlinear 
current-controlled current sources based on Eqs. (5) and 
(6), Gi and Gz are nonlinear voltage-controlled current 
sources based on Eqs. (7) and (8). RI and RI are the 
primary and secondary winding resistances, and VVI and 
VV2 are zero-valued voltage sources for the purpose of 
measuring current. 

IV. ANALYSIS OF dc-ac CONVERTER 

On the SPICE analysis, it is necessary to provide the 
constants a,, a3, a5, bi, bs and b5 in Table I. In this paper, 
we determine the coefficients experimentally by the simple 
circuit shown in Fig. 4. In the figure, el and e2 are sinu- 
soidal voltages with the same frequency and are in phase- 
with each other. From the flux-MMF relationships mea- 

sured in the circuit, we can determine the constants al, a3 
and as. The constants b,, b3 and b, can be determined by 
the measured iron loss characteristic. 

Figures 5 (a) and 5 (b) show the flux-MMF relation- 
ship and iron loss characteristic. ln the figures, the dashed 
curves show the calculated values when the constants are: 
al = 1.20 x lo5 A/Wb, a3 = - 2.08~ 10” A/Wb3, 
a5 = 1.63 X 10” A/W@, b, = 13.9 A/V, bs = - 13.2 
A/V3, and b5 = 207 A/V5. 

Based on the above results, we analyze the orthogonal- 
core-type dc-ac converter shown in Fig. 6. The primary 
sides of the orthogonal-core transformers No. 1 and No. 2, 
which have the same construction, are excited by square- 
wave transistor choppers. The power is transferred from 
the dc source to the ac line by adjusting the phase angle 8 
of the output voltages ell and e12 of the transistor chop- 
pers. ’ 

Figure 7 shows a SPICE implementation of the dc-ac 
converter. The subcircuits Xl and X2 are the orthogonal- 
core transformers shown in Fig. 3. For convenience of cal- 
culation, each voltage source is divided into two sources. 

Figure 8 shows the SPICE program at Ed = 100 V, 
E, = 100 V, and 8 = 270”. Figure 9 shows the calculated 
and observed wave forms in steady state. In the figures, e, 
and i, are the voltage and current of the ac system. This 
reveals that the calculated values agree well with the mea- 
sured ones. 

V. CONCLUSION 

We proposed a numerical model of the orthogonal- 
core transformer for use in SPICE and calculated the volt- 
age and current of the orthogonal-core-type dc-ac con- 
verter. The calculated results agree well with the measured 
ones. The analytical method presented here is useful for the 
circuit analysis and design optimization of other power 
converters equipped with orthogonal-core transformers. 
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