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MATHEMATICAL CALCULATION OF H-BRIDGE IGBT
POWER CONVERTER

Goce Stefanov, Ljupco Karadzinov*, Bilijana Zlatanovska
{Submitted by Academician I. Popchev on December 14, 2010)

Abstract

In this paper mathematical modelling of the magnitudes of H-bridge power
converter with seriel resonant load is presented. A mathematical analysis of the
IGBT switches operation mode in the power converter is given. The operation
of the IGBT transistors in the converter is described by a set of differentia)
equations. The differential equations calculations that describe the work of
IGBT switches are derived from the mathematical programme Mathematica, 7.
The results in the paper are applied in practically realized power converter.

Key words: power converter, mathematical calculation, IGBT switch,
serial resonant load

1. Introduction. H-bridge power converter topology with serial resonant
load is used in many industrial applications for different types of power conver-
sion: DC-DC converters, DC-AC converters with constant frequency and variabie
output voltage (converters with phase shift, or converters with variable duty cv-
cle) [12], and DC-AC' converters with variable frequency and variable output
voltage. The last type of power conversion is used in induction heating appin-
cations [* 4] which is of interest in this paper. In such applications H-bridge
topology is used in th: so-called resonant converters which use resonant output
load and ensure converter switches operation with zero-voltage switching (ZVS)
or/and zero-current switching (ZCS).

The H-bridge converter topology with serial resonant load is given in Fig. 1,
The converter parameters are: DC link voltage is Vi, = 60 V, serial resonaut load
parameter values are R =0.21 Q, L = 26.4 pH, C = 26.6 nF, [%], and the resonant
frequency is fo = 6000 Hz. The switches used are insulated gate bipolar transistor
(IGBT) modules type SKM195GB066D by Semicron Inc. Their on-state voltages
are Vegsat = 1.67 V for the IGBT and V, = 1.45 V for the built-in anti-parallel
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Fig. 1. Load resonant H-bridge converter topology and the steady-state current paths in all
four time intervals during one period

To ensure ZVS (turn-on) condition the converter is operated with higher
operating frequency (fsw) than the resonant one (fo). In this case the output
current is lagging in respect to the output voltage. The converter is analyzed
only in the steady-state, that is, all converter currents and voltages have the
same values at the end of each period as at its beginning. During one period

T = 1/ fsw there are four time intervals determined with the switching on and off
of the IGBTSs and anti-parallel diodes.

Power converter output current is defined with the following differential equa-
tion:

d_L(_l‘l+_}_f_ .Q(_t)._VD

(1) a T =1

where i(¢) is the output current, g(¢) is the capacitor charge, and Vp is the voltage
applied to the resonant load. The voltage Vp changes during converter operation
in the four time intervals: to — ¢, ¢ — to, t3 — t3, t3 — #4.

2. Analysis of the converter operation. The switches control method is
given and explained in [*]. Depending on the switches on/off-state, the resonant
load current has different paths for each of the four intervals shown in Fig. 1.

1. Time intervol tg— 4. In this interval the diodes D; and Dy are turned-on.
The output current direction is shown with line 1 in Fig. 1. The output converter

current is returning power to the DC link voltage sourcs, All transistors (T4, Ty,
Ty and 7y) are turred off.
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3. Time interval i — t2. Now the transistors Ty and Ty are turned on. The
output current direction is shown with line 2. The current is supplied from the
DC link voltage, through the serial RLC output load to the ground. Transistors
T, and T turn on at zerc-voltage (ZVS), since during the previons interval the
diodes D; and D; were turned-on.

3. Time intervai io — 3. At the beginning of this moment transistors 1; and
T, turn-off, and the transistors T3 and T4 are not turned-on yet. Now the output
converter current is flowing through the diodes D3 and D4 returning power to the
DC Pnk voltage. The ouiput current direction is shown with line 3 in Fig. &

4. Time interval t3 — t4. In this time interval the transistors T3 and T4 are
turned-on. The converter output current is supplied from the DC link voliage
through the serial RLC output load to the ground. The output current direction
is shown with line 4 in Fig. 1.

From the general form of equation (1). and having in mind that +(#)
dq(t)/dt. we obtain a second order constant coefficients nonhomogeneous linear
differential equation that defines the amount of the capacitor electric charge:

" d’q(t) | Rda®) | av) _ Vb
2 dz "L dt  CL L’

In each of the four time intervals the Vp has different values and the above
equation (2) becomes

2q(t)  Rdg(t) qlt)  Vi+2Vy L
' St = the t : to — 1.
(3) Y + I di + L 7 for the time interval fo — ¢3

2 —
d d?f(zt) %dz(:) 3;(,2 = Vs 2LVCES“ for the time interval t; — ¢s.

(4)

2 . a) 7 r
(5) fl%(zt). %g‘ld(:_) 4 QC% = _-‘—"%—2—‘/‘1 for the time interval t, — £3.

2 t Vs — 2VeEsa

= YT m o1 = S for the time interval t3 — #4.

The initial conditions q(0) and dg/dt|;=o for each of the intervals are the end
values at the previous interval. Solving the second-order differential equation with
defined values of the R, C and L elements and known switches conduction voltages
(Versat and Vy) for the selected IGBT modules, gives the time dependence of the
capacitor charge g(t). The values and waveforms of the current and the voltages
can be determined from the charge time dependence.

Solving the differential equation (2) gives a solution in the following closed
analytical form:

g(t) = e (e coswt + ey sinwt) + U,

Compt. rend. Acad. bulg. Sci.. 64. No 6. 2011 %a6



where the constants ¢; and ¢y are determined by the initial conditions, ¥ repre-
scnts vhe particular solution of the differential equation, and w are the complex
comjigaie roois of the characteristic equation

(7) Tz = 0+ Jw

and are ziven with

a=—, W =w3{1—§2):w§—-a2. arctang—zAapw
Zr; w
1 -
wp = =27
76, Ju
R
(8) BW,=2n(fu - fi) =+

L

o is the damping constant, w is the damped resonant angular frequency. § = a/w
is the so-called damping factor, wy is the resonant frequency. A¢ is the phase angle
between the output voltage and the output current. At frequencies different from
the resonant frequency the output power is lower than its value at wp. At two
frequencies f, and f; the power falls to half of its maximum value and they define
the operating frequency bandwidth BWj. the so-called series circuit half-power
bandwidth. The lower f; and the upper f, half-power frequencies are determined
by the following equations:

N R R
(9) h=fo- L Ju=fo+—=.

Determining the steady-state solution using the paper and pencil method is a
tedicus work since the transient response can last for a considerable number of po
riods T'. This work needs to be repeated several times during the converter design
process to obtain the optimal operating frequency fsw and DC link voltage V.
That is why there is a neced to use a mathematical programme like Mathematire
7 [6] to obtain the steady-state solution of the differentials equations (3-6).

2.1. Calculation of voitage and current values in the converter.
The use of Mathematica 7 is presented when the converter works on the resonanf
frequency wy. The same procedure needs to be repeated during the design process
for several higher frequencies close to wy to optimize the parameters.

Initial conditions: At t =t the capacitor current ¢ (t1) is zero and the capaci-
tor voltage and charge are at maximum values: vo(t1) = Vomax, and q(t1) = Guax
= (' Vemex. This gives the first initial condition. The second initial conditinr
dq/dt| 1=ty = O since the difference of g(t) when it passes through the maximum
value is equal to zero.

900 ¢i. Stefanov. L. Karadzinov. B. Zlatanovska



The maximum capacitor voltage value is given in []

kl‘)) VC" max = Vs ‘1—‘+—6_—_; .
l—e"%

From equation (10) for the converter parameters given above it can be ob-
wained Vomax = 360 V and q(t1) = gmax = CVomax = 9.576 x 10-3 C. At this
resorant frequency f, = 5000 Haz. the period is T = 166.6 ps. The phase angle
A¢ between the output voltage and current is given by arctang = Ap. On the

360 -
other hand, we have that Ap = At? [8], and it provides that the output con-

verter current is lagging in respect of the output converter voltage for At = 2.77
ps. These initial conditions give the following values for the four time intervals.
to =08, =277 ps, 5 = T/2 =83.3 ps, t3 = 86 ns, ty =T = 166.6 ps.
Caleulation of the differential equation for the time interval ¢, — t.
For this time interval the circuit is described by equation (4) Equatien {1
in Mathematica 7 has the following form:

[ Dsolve[{z'[t] = y[¢],y/[t] = —(0.21/(26.4 - 10-5)) . y[t]
| —1/(26.4-107%-26.6 - 1079) - 2[t] + 56.5/(26.4 - 1079),
| 2277107 = 9576 - 10-5. y[2.77 1075} = 0,3}, {2, y}. ]

where (t) = ¢(t) and y(t) = dg/dt = i(t). The solution with the initial condi-
tions x[2.77%107%1=-9576%1079C, y [2.77%10~% 181 =0 for the charge is:
{{x——»Function[{t} ,

e 397727 ((~0.011018~2.42255 - 10-20%) -cos [37525.9t]+(0.0015029+
2.42952 - 107201) 6%t . c05%[37525.9t] - (0.0023431 + 7.28537 .
1072!i)-sin [37525.9t] - (2.70933 . 102 - 4.53532. 107213) .@397727¢,
cos [37525.9t] .sin [37525.9t] + (0.0015029 + 7.12084 - 10213) .
e3977 275102 [37525.9t])],

and for the output current is:

y—Function{{t},

e 3TTATE(( ~ 44 1055 - 1.79834 . 10-161) . cos [37525.9t] - (8.62642
107%7 - 4.14768 - 107171) . e397727t. g2 [37525.9t] + (422.779 + 2.158
107*%1) - sin [37525.9t] - (0. + 8.29768 - 10-16i) .37 *7r

cos [37525.9t] . sin [37525.9t] + (1.77636 -107%5 - 7.39361 -10-153) .
637721t 5302 [37525.9t])].

The solution is a complex number in the form given by equation (7). The
values of the roots of the characteristic equation are: o« = 3977 and w = 37525.
The solution of equation y(¢) = i(¢) for the time interval {t,2.77.107°, 83.3.107¢}
gives the current waveform shown in Fig. 2.

The solutions of the differential equations (3-6) for the other three intervals
ta—t3, t3—t4 and tn—1; are similar to the solution for the time interval t; —¢5. The

d . _ .
values of the solution of x(t) = q(¢). y(t) = :ig = i(t) of the differsntial arnatio.,

Compt. rend. Acad. bulg. Sci.. 64. No 6. 2011 901
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Fig. 2. Waveforms on the current and voltage at H-bridge serial resonant converter obtained
with calculations in the programme Mathematica 7

at the end of the previous time interval are initial conditions for the differential
equation for the next time interval. So. the calculations based on the charge
and current for all four intervals. waveforms of the output current, Lhe output

di
voltage, the resistor voltage Vr(t) = Ri(t). the inductor voltage V() = ]d% and

q(t)

the capacitor voltage Vo (t) = ol at. the serial resonant H-bridge converter are
given in Fig. 2

2.2. Defining the frequency bandwidth of the power converter.
The results obtained from the differential equations solutions in Mathematica
7 can be used for defining the operating converter frequency. The differentin’
equations solutions, (3-6), with defined values of the elements R. C and L. for
different operating frequency fs gives the damped resonant angular frequency w
and damped resonant frequency f. The results for their values are presented in
Table 1. With the values R = 0.21 , L = 26.4 uH, C = 26.6 uF and equation
(8) the half-power bandwidth is obtained BW, R___ 02 rad

o, I ma0w S
27r(f’u, - fl) or, (fu fl) = i

From equation (9) it is obtained that f; = f; — ZBT = 5367 Hz and f, =

F’
fo+ | 5 = 6633 Hz,

902 G. Stefanov, T, Karadzinov R, Zlatanntcis



Table 1

Damped resonant angular frequency w and damped resonant fre-
quency f depending from the operating frequency, fw, change

w (:L;f%\) f= 5= (Ho) fow (Ha) ffo
41887 6669 6700 1.12
30994 6368 6400 1.06
38732 6167 6200 1.03
I 5975 6000 |
36206 5765 5800 0.97
34942 5564 5600 0.93
33677 5362 5400 0.9
32412 5161 5200 0.87

From the above given calculations and Table 1. it can be concluded that in
the frequency bandwidth 5400 Hz > f; to 6600 Hz < f,, the power converter will
work optimally.

2.3. Experimental results. Mathematical modelling and analysis pre-
sented in this paper have been used to design and construct a prototype nf -
H-bridge resonant load converter. A prototype with IGBT transistors has been
tested and used as an induction furnace for induction heating and melting of nict
als. Figure 3 shows the prototype. The DC link voltage is 60 V, the switching fre-
quency is few = 5400 Hz — 6600 Hz and the output power is Pyygmax = 12 000 VA.

-

ig. 3. Induction furnace

Compt. rend. Acad. bulg. Sci.. 64, No 6. 2011 IR



2 4. The resuits of mathematical calculation. The results in this paper
show that mathematical modelling defines the converter’s current and voltages
waveforms and provides solutions for the values of the output resonant circuit in
tne converter £. o, w, Ap. BW,. The obtaining of these values is important for
furtbe, optimization of the converter.

3. Conclusioe:. In this paper original results are presented from the au-
thors for modelling and designing of a power converter based on the programme
Mathematica 7.

A different. appreach is presented in this paper for modelling a power con-
verter uniike the results in previous papers from the same authors. Previously,
emphasis for reducing the power losses of the switches in the converter with the
procedures of the ZVS and ZCS [*], and optimization on the power converter
according to the parameters of the induction device was given [5] Here. the con-
verter’s values and their waveforms are obtained by solving differential equations
in the programme Mathematica 7. The results from mathematical calculations
are used for practical implementation of a power converter.
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