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Abstract - Dynamic analysis of the phase-shift 
control led ser ies-resonant inverter for induction heating 
is presentcd using harmonic approxiniat ion model ing . 
First, the large-signal s tate-space model is derived and 
steady-state solution is obtaining. Finally, large signal 
equat ions are l inearized about the steady-state 
equi l ibrium point to derive a l inear small-s ignal model , 
which is used to s tudy the small signal dynamic behavior 
of the resonant inverter. T h e resuits are verif ied using 
PSPICE. 
Keywords: edit ing, S y m p o s i u m , author 

I. INTRODUCTION 

A phase-shift controlled series-resonant inverter 
(PSC-SRI) is used as the power suppiy for an 
induction heating system. This inverter has been 
suggested for induction heating applications because 
of its hardware simplicity. The phase-shift controlled 
series-resonant inverter has two control loops: the 
phase-shift control loop regulates the output power, 
and the frequency control loop ensures ZVS. 

Most induction heating applications require 
heating the work-piece at a given temperature for 
a given time. During the heating process the load 
resistance and inductance varies especially when 
the work-piece reaches the Curie temperature. 
Therefore, since the load inductance is part of the 
resonant inductance, the resonant frequency of 
the system will vary. The frequency control 
strategy for the phase-shift controlled series-
resonant inverter keeps track of the resonant 
frequency to maintain ZVS while switching as 
close as possible to resonance to minimize 
circulating energy. Because of the high risk of 
MOSFET damage when ZVS is not achieved, it 
is important to know the response time and the 
reliability of the fi-equency control loop. At the 
same time, depending on the application, there 
might be a demand for accurate power control 
for a given temperature profile. Hence, the 
bandwidth, phase margin, and gain margin of the 
frequency and power control loop should be 

properly designed to guarantee a robust system. 
The small-signal model is a useful tool to 
analyze the performances of the control loops. It 
helps corroborate hardware loop measurements 
and it allows experimenting with several 
compensation schemes before they are 
implemented. 

II. DERIVATION OF SMALL - SIGNAL MODEL 
FOR RESONANT INVERTER 

Fig. 1 shows the diagram of the phase-shifl 
controlled series-resonant inverter with the two 
control loops: phase-shift and frequency. The slow 
loop is the phase-shift control loop, which senses the 
output power, Pq and varies the phase-shift to 
maintain Pq at desired value. The fast loop is the 
frequency control loop, which senses the tank current 
and determines how far above resonance it should 
operate to maintain ZVS. 

A. Power Stage Small - Signal Model 

In this section, a summarized procedure of how to 
obtain the small-signal model of the power stage of 
the series-resonant inverter will be given, 

The power stage of the circuit, a full-bridge series-
resonant inverter, is shown in Fig.L Ls and Rs are the 
coii plus work-piece equivalent inductance and 
resistance, respectively. Ĉ  is the resonant capacitance. 
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Also, (De is the switching frequency, and fo is the 

resonant frequency, where coq = . . 
V^s^r 
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Fig I Series-resonant inverter power siage circuit 

4 4) 
Uab •cos(-) sin(a)ct) 

71 2 
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Substituting (4)-(6) into (1H2), using the 
harmonic balance procedure, we can decompose (1)-
(2) into four equations by grouping separately the 
cosine terms and the sine terms to obtain: 

-cosine terms: 

ducc 'Oc 
dt C 

dioc _ 
- "Cc dt - "Cc 

1 . R 

(7) 

(8) 

Power MOSPEPs are seiected as the switching 
frequency requirenient. The four transistors, Q1-Q4, 
are operated with a 50% duty cycle. 
The equivalent circuit shown in Fig.3 can represent 
the series-resonant inverter power stage circuit. 

C=Cr/N ' 
H h 

. P 
lD=LsN' 

Fig.3 Equivalent series-resonani inverier circuit 

First, Kirchhoffs voltage law is appiied to the 
circuit in Fig. 3 to give: 

r _ i 

. din . 

(1) 

(2) 

The output variable is the average power at the 
resistance: 

Po = 
R i o (3) 

The harmonic approximation is used for the 
inductor current, capacitor voltage and input voltage 
so that: 

-sine terms: 

ducs »0s 
dt C 

(9) 

di o 

Equations (7)-(10) can now be used to solve for 
the operating point by letting aii the derivatives be 
zero. Their solutions are: 

- U d c o s ( ^ ) C-R 
I j 71 

- U d C o s A - ( l - n ^ L • C ) 
U c = — 

- U d C O S ( - ) « c - C 
j _ j ţ 2 

- U d c o s ( - ) f i^ C^ R 
j _ 71 2 (II) 

where ( U^^ , U c j . loc • ' O s ' ^ c ' ® ) are the values 
of the variabies (uc^., Uq^ , ioc - •Os-'^c .<t» ) in the 
operating point. 

The linearized model is found by perturbing the 
large-signal system given by (7)-(10) around the 
operating point. The perturbed variabies are the 
inputs, the state variabies, and the output. Each wiii 
have the form: 

uc(t) = ucc (t) • cos((Dct) + ucs (t) • sin((Oct) (4) 

iO (t) = ioc (t) • cos((o, t) + iOs (t) sin(coct) (5) 

m(t) = M + m(t) , (12) 

where M is at the operating point, and m(t) is a small 
amplitude perturbation. Hence, these perturbed 
variabies are replaced in (7)-( 10) and then. by finding 
the Taylor expansion and considering only parţial 
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derivatives, we obtain the linearized small-signal 

I : 

model: 

ducc 
dt 

ducs . 
dt = « c • Uc, 

dioc 
dt 

1 
L "c , 

'l'Os 
dt 

1 
l ' 

1 : 

R : (13) 

R r 

+ Eui Ud -E^ii 

Po = R 'oc 'Oc ^ '^ 'Os 'Os 

B. Power Regulation Loop Small-Signal Mode! 

Varying the duty cycle of the tank voltage 
regulates the output power. Fig. 4 shows the close 
loop for the power regulation, from which (after 
perturbing and llnearizing), the following relationship 
for control angle ^ is obtained: 

. - sT i 

R j (s + ap)R,C, 
. - s T : 

•Po = 

- K ^ K p H ^ , -
(s + ap)R,C| •Po (14) 

^ - V H h R2 R, 
A A ^ ^ W v -

Urefo C i t sensor ̂ m 

Fig.4. Power loop schematic 

C. Frequency Loop Small-Signal Model 

The frequency control circuit is composed of a 
charge measurement circuit, a compensator and a 
voltage-controlled oscillator (VCO), as show in Fig. 
5. This circuit regulates the tank current charge during 

the ZVS transition to guarantee that ZVS is always 
achieved. 
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Fig. 5 Frequency loop schematic 

Small-signal model for frequency loop [1] is: 

(î),(s) = H^(s). He(s) • A • + 

•O)c(z)- •m) ( 1 5 ) 

where A, , and Ê ^̂  are 

coefficients that depend on the operating points [1]: 

where K^ is gain of the PWM, Kp is the total gain of 

the power sensor, H ĵ, is the compensator's transfer 

function, p^ is the perturbed output power, and Tj 
takes into account the driver's propagation deiay. 

(16) 
l , i f u-. > 0 

- l , i f U2 < 0 

B 
-a — 

B 
- a — 

+ KK e (-Qc SinB + a cosB) (17) 

B 

- a — 
" c 

Hi = ^ ^ , ( — H i + H , ) -
Iqs'̂  

dos + lOc) " c 
B 

- K K (e •(a sinB + Qc CosB) + Qc) (18) 

B 

^(1)0) ~ ^ ^ • 

- a-
n p u / ^B l o s - e 

" c a 

- a -
B 

O r -
- K K e ^ (lQ .̂ sinB + lQ5 cosB)-

- K K 
2Cl. 

a^ + n ^ 
(19) 

- a -
— — H , +- ! - H , 
2 D . ' 2 2 

(20) 
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with notation; 

H, = (los • a + loc • n j • sin B + (Iqs • ^c " Iqc ' a) cosB 
H2 = (-los a^-loc Qc) cosB + (los ^îc -ÎQc a) sinB 

1 
KK = 

n 
B = p;i (21) 

D Complete Small-Signal Model 

The complete small-signal model implemented in 
PSPICE is shown in Fig. 6. 
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Fig 6.The completc small-signal model of series-resonanl inverter 

III. SIMULATION RESULTS 

We have simulated the complete small-signal 
model in PSPICE. Our circuit's element values are: 

R=16n; L=I2,4^H; C-12,76nF; N=6; Q-2,2; 
Ud=200V; Pn,ax=2.5KW. 

The parameiers of the small-signal model for 
three values of the control angle ^(three operating 
points) are listed in Table 1. 

Table 1 
Para-
meter 

a) (? = 9° b) « = 45° c) • = 100° 

fc 442 kHz 450 kHz 468 kHz 

a 2777167,9 S-' 2827433,4 s ' 2940530,7 s"' 

Ioc -5,3567 A -5,5739 A -4,6062 A 

los 13,7848 A 12,1461 A 7,5119 A 

Ucc -388,9993 V -336,6619 V -200,2034 V 

Uc. -151,1632 V -154,4959 V -122,7616 V 

Lfîc 34,4368 n 35,0601 n 36,4626 n 

LIoc -0,06642 mVs -0,0691 mVs -0,05711 mVs 

Llos 0,1709 mVs 0,1506 mVs 0,0931 mVsv 

Cfic 0,035436 n ' 0,036078 Q ' 0,037523 n ' 

CUcc -4,963 hAS -4,295 nAs -2,554 jiAs 

CUc, -1,928 nAs -1.971 ^As -1,566 nAs 

E*, 9,9897 Vrad ' 48.724 Vrad"' 97,5354 Vrad-' 

Fui -0,0138 -0,00154 0,0078 

H 10Sa> -3,266e' n -3,749e' a - l , 9 7 2 e ' n 

H IOC cj -19,773 e ^ n -21,892 e ^ n -24,366 e' n 
83,162 eVrad"' 60,28eVrad' 22,854 e'Vrad ' 

Ea)OJ -0,01383 Vs -0,00154 Vs -0,00782 Vs 

Simulation results are presented in Fig. 7 Fig. 9. 
From curves shows it can be seen that the frequency 
loop and power loop are stable. However our gains 
are relative low as well as the crossover frequencies. 
Modifications to the compensatoiy circuits can be 
made to increase the gain and crossover frequency. 
They can't be increased too much because of the 
possible saturation of AO from the compensator 
circuit of the frequency control circuit in case of 
negative error. 

o . » U<Jb(16)- U<JIK17) 

IWl lOBIZ o . - Up(14)- Up(17) I.OKIfZ 10KH2 Frrquency I t a U t Z S 0 K H 2 

Fig.7. Frequency control loop gain for three operating points; 

• - • = 9 ° ; A - ( | ) = 4 5 ° ; 0 - 4 > = lOO'' (positive error) 
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Fig 8 Frequency control loop gain for ihree operaling points: 

• - (1) = A - ({) = 45° , O - 0 = 100° (negative error) 

o . Bdb(24)- «db(25) 
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Fig.9 Power regulation loop gain for two operaling points; 

• - <t» = 9 ^ O - (t) = 45° 

Because of the heating of the working piece the 
parameters of coii plus work-piece modify it's 
important to see wich are the influences of these 
modificalions on the small-signal model of resonant 
inverter. The parameters of small-signal model for 
three different values of resistance R are presented in 
Table 2. The parameters of small-signal model for 
three different values of inductance L are presented in 
Table 3. The calculation was made for an control 

angle (j) = 9° and are presented only parameters wich 
suffer modifications of the values presented in Table 
1, column a). 

Table 2 
Para-
meter a) R=]4Q b) R=16n c)R=17Q 

Ioc -6,7263 A -5,3567 A -4,8174 A 

los 15,1468 A 13,7848 A 13.1719 A 

Uce -427,4501 V -388,9993 V -371,6852 V 

Uc. -189,8142 V -151,1632 V -135,9395 V 

Lloc -0,08340 mVs -0,0664 mVs -0.05597 mVs 

Llos 0,1878 mVs 0,1709 mVs 0,1633 mVs 

CUcc -5,4537 nAs -4,963 liAs -4,7427 nAs 

CUc. -2,422 jiAs -1,928 nAs -1,7346 nAs 

H los o -3,9219e'n -3.266e' n -2,9878 e' Q 

1 1 IOC u -19,724 e ' n -19,773 e ' n -19,742 e ' f i 

101,98 e^Vrad ' 83,16c'Vraci' 79,491e'Vrad ' 

E(dO» -0,0198 Vs -0,01383 Vs -0,01182 Vs 

T l,13e-S 1,1 le" s 1,076" s 

Table 3 

Para-

meter 

a) L=11.4uH b) L=12.4uH c) L=13.4uH 

Qc 2890265 s ' 2777167,9 s ' 2627351,6 s ' 

loc -5,1063 A -5,5739 A -4,7922 A 

los 14,0042 A 13,7848 A 14,2564 A 

Ucc -379,7363 V -388,9993 V -425,22854 V 

Ucs -138,4563 V -151,1632 V -142,9326 V 

LQc 32,9490n 34,4368 Q 38,7295 Q 

Lloc -0,0582 mVs -0,06642 mVs -0,06421 mVs 

Llos 0.1596 mVs 0,1709mVs 0,1910 mVsv 

Cfic 0,0368790"' 0,035436 n ' 0,033525 Q ' 

CUcc -4,845 liAs -4,963 uAs -5,426 nAs 

CUc, -1,767 nAs -1,928 nAs -1,823 mAS 

H losu -2,8719e'n -3,266e' Q. -2,7573e' Q 

H loco. -18,601e'Q -19,77 e ' Q -21,331 e ' a 

Etc 77,16e^ Vrad"' 83,16eWrad"' 79,49 le 'Vrad' 

F -0,0115 Vs -0,01383 Vs -0,0118 Vs 

The simuiation results are presented in Fig. 10-11 and 
show that the load rezistance growth makes to 
decrease gain of frequency control loop, while the 
load inductance growth makes this curls income 
higher. That's why, the projection of the frequency 
control loop must be made for high heating 
temperature of work-piece temperature at wich the 
load resistance it's the highest, and the value of load 
inductance is the lowest. 

-18(W + ---
lONz 1IQHZ 

o » Up(16)- Up(17) 
1Q0KHZ SUKHZ I.OKHz lOKHz 

Frequency 

Fig.lO. Frequency control loop gain for two values of R: 
• - R = 1 4 n , 0 - R - 1 7 0 
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a . Udt>(16)- UdO(l7) 
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Fig. 11. Frequency control loop gain for two values of L 
• -L = ll,4nH; 0-L= 13.4̂ H 

The transient response of resonant inverter al 
perturbations of input voltage is presented in Fig. 12. 
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Fig. 12 Transient response of the small-signal model 

IV. CONCLUSIONS 

In this paper, we present dynamic analysis of the 
phase-shift controlled series-resonant inverter for 
induction heating using harmonic approximation 
modeling. The small-signal model is used to study 
dynamic behavior of the resonant inverter. The results 
are obtained using PSPICE. Simulations verify the 
theoretical results. 
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