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Abstract: This research deals with the design, simulation Bnplementation of a 60kW variable voltay
current source, DC power supply suitable for inguctheating purposes composed of t-phase fully
controlled full-wave rectifier (h FCFWR) with a smoottg reactor. It is suitable to supply a cur-fed
parallel inverter (CFPI) frequency converter (bwh Transistors), feeding a high quality factororesting
induction heating load. Such a source must vewify tnain objectives for achieving safety < up, those are: (a)
achieving an aperiodic dynamic behavior duringtstgr since it may result in overvoltage acrossedént
elements of the converter, (b) assuring continumursent mode operation to achieve safety startAupbigh
inductance smoothg reactor is usually connected with the inputhaf inverter to perform these objectives
this research the theoretical derivation is modifie reach the suitable formula to determine theevaf the
selfinductance of the smoothing reactor for required power supply. Also, the smoothing reaiatesignet
and implemented. The designed power supply is lated using (MATLAB) package. The practit
measurements of load voltage and current wavefairtbe starting angle of the implemented pc supply
satisfying the above two main objectives and ara igood agreement with the simulated waveformsati
angle.

K eywor ds: continuous-current mode, induction heating, smoothing reactor.
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1. Introduction

The need arises for a medium power, variable ve|tagrrent source, DC power supply in
research and development (R&D) laboratory suitdbieinduction heating research work.
Such a supply composed of a three-phase fully otber full wave rectifier (3-Ph FCFWR)
and a smoothing reactor. The expected load of rdgsifieris a thyristorized single-phase
frequency converter that widely used in industrynasdium-frequency (1-100 kHz) and
medium-power (1-1000kW) supplies induction metaltimg and heating installations.

In order to design a DC power supply being compatib feed such a load, a smoothing
reactor must be carefully designed to achieve gentisource operating in continuous-current
mode and has a non-oscillatory (aperiodic) dynamsponse during starting. The previous
works [1, 2] determine the suitable approximateugabf such a smoothing reactor, using
thyristorized single-phase frequency converterufgg(1) represents the thyristorized power
supply with its load.

The principle of operation of the Thyristor Conteol Rectifier (TCR) is already known,
and its output voltage waveform is a function of thiggering angle (the controlled angle)
(o). The controlled angle may be changed in the interga)3 < a < 2w / 3), while the
discontinuous mode of operation might only be wher 27/3. The discontinuous mode of
current operation leads to unsafe starting of tHeéPIC Shenkman (2000) determines a
mathematical formula related to system elementspamdmeters to avoid this discontinuity
[2]. The transient analysis during starting shows tiependency of the smoothing reactor
value on the starting up current transient responstat it may be an aperiodic, critical, or
oscillatory. The periodic or oscillatory operatiomode is undesirable because, it may result in
overvoltage across different elements of the cdevefo achieve a non-oscillatory transient
current response. Shenkman (2001), suggests arfotharla for this purpose [1]. Hence, the
two formulae are calculated and the highest valuecommended to be used.

This research deal with the design of a transistdriinverter instead of the thyristorized
one. The two formulae suggested by Shenkman, neddit determine the required value of
the self-inductance of the smoothing reactor toieaeha non-oscillatory transient current
response and assuring continuous current modetapeta achieve safety start up.

This work interested also in the design of the simog reactor. The standard (B-H) curve
of the magnetic material used as a core for theotimry coil implemented in the Diala State
Company for Electrical Industries is considereddé&ermine all the required parameters of
the coil magnetic circuit.

A (MATLAB) package was used to design and simutataf the power supply. The
designed controlled rectifier with its smoothingetr was implemented to perform 513V,
117A, 60kW variable DC voltage source. The expentalework shows that the waveforms
of the starting voltage and current are in goodeagrent with that determined by the
simulation, so the required starting conditionsvaed verified.

2. Theoretical Background

In order to be able to determine the magnitudehef gelf-inductance of the smoothing
reactor, the literature deals with this subject nhesstudied carefully in order to apply it in
the required induction heating power supply. Th&(BFCFWR) is widely used in induction
heating supply units. Then its operation must bedaded here in order to make it possible to
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design the smoothing reactorgfLFig. (1), shows the (3-Ph FCFWR) normally assisd
with its load. The analysis of this circuit is silifipd by replacing the model of the inverter
which contains switches by a switchless circuithef second order which is shown in Fig. (2),
whose parameters {LRe)are chosen in such a way that the circuit appraies the real
inverter shown in Fig. (1).

The controlled anglee may be changed in the internvat/3) < a < (2m/3) , while the
discontinuous mode of operation might only be whern (2 7/3) . The voltage waveform in
this case is shown in Fig. (3), it is evident ttie current waveform in the corresponding
instant will be discontinuous. The theoretical grckind of the Thyrestorized power supply
shown in Appendix-A.

Controlled Rectifier Smoothing Reactor Current Fed High-Q
parallel inverter resonant load
Ly
e & P e
B f L L H { g LCOil
*r—
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Fig. (1) The DC power supply to be designed

e
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Fig. (2) The Thyristor Controlled Rectifier (TCR).
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Fig. (3) The voltage and current waveforms at the discontinuous mode(a=95")

3. Design Equation of a smoothing reactor using MOSFETsinverter:

The design equations in Appendix-A are derived eglig for Thyristor Frequency
Converter (TFC), but in this work the single-phaseerter uses MOSFETSs, as shown in
Figure (1). This will make a little bit change thaiust be considered in applying these
equations.

Due to the above requirements and limitations, eheguations have to be changed to
describe the characteristics of the required paupply as follows:

The maximum value of the rectified output volté@gmax), due to the equation (A-10) at=

0.0°, is:

32
——V =135 x 380 = 513.18V

dmax

The minimum value of the rectified output voltég . ), ata = 94, assumel} = 10) is:

3
L = <;) V[l + cos(/3 + @)] = 54.756V
Since the inverter uses transistors and supplyirgg@nating load, then the expected value
of the shift anglé), between voltage and current for the inverter outp the rangéd’ <
S <5°), henc€l < cosf < 0.996). This property leads to consider the voltage fadte to
the equation (A-4)
%4 T

K =———
" Vi 2v2 x cosp
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(111 < Ky < 1.114)

This result affects the equation (1), in that thetdr/8K7? — 2 ~ 0.0, then the equation (A-
1) reduced to

_ 5Vi(Qm)
¢ n2PfK?
Or
2 27'[2ch
Va =%~ 10v3Lc
m2PfKZ ~ PRcKZ

Ld:

Since(P = V?/R) then

_ 10L¢
Ky

Lg

(1)

L. : Equivalent inductance of the furnace inductioil.c
R.: Equivalent resistance of the furnace inductioih co
Then, if the average value of the voltage fadtpr= 1.112, then by substitution of these
values in the above equation (1) results in:
10 L¢

La = Gyias = 887 X L(2)

Note: This equation leads to conclude that the val{é Of is independent on the inverter
frequency or power, but the above derivation assuméigh quality factor load for the
resonating circuit of magnitud@ = (10 — 20)), which is a function of inverter frequency,
so the load identification is very important in erdo decide whether the above calculations
are valid or not.

To deal with the second perida, T; < w,t < w,T,) described by equation (A-7) to achieve
an aperiodic dynamic behavior during starting, stiie the value of.; described by (2) in
(A-7) results in

g = ]Ste_(Re/Ld)t — Iste—(Rc/(8.87LC)t

But the average value of starting current at tieisqull;; = (V4..in/Rc). Then the expected
current af(t = 37 = 3ms) is

ia = (Vamin/ Re) x e Me/@7100x(3x107) (g
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4. Design calculations of the smoothing reactor

Due to the previous analy$ls; ., = 513.18V) and since the required powerRs=
60 kW). Now, assume the quality factor of the load=2@J e resonating frequency is (70
kHz), then for the load parametéts = 0.19943mH) [2], and(R; = 4.386Q)

2w x 7 x10* x (0.19943) x 1073 20
N 4.386 N

Then
L; =8.87 XL, =8.87 x0.00019943 = 0.001769 = 1.77mH

To check the aperiodic dynamic behavior duringtstgrcondition, substitute the designed
values at equation (19) yields to

] 54.756
d = (

1380 ) X e—[023237]x(0.003) = 7.4mA

Note: For constant quality factor the self-inductancetlod smoothing reactor will be a
function of the inverter frequency, becauge= ;%fanc{Ld = 8.87 X L.).

QRc
L; =887 X —
d 2nf

Since, the nature of the induction heating loatha; the values ofR., L., f and Q), are
variables during the heating process, so it isebétt design the smoothing reactor to be of
inductance greater than that calculated due to(8)der to work safely. Also, this discussion
leads to believe the truth that, "the inductanae the quality factor of each induction heating
load must be defined before being fed from anyemirsource power supply to check its
compatibility”.

The value of the self-inductance of the smoothigactor(L,)in this research determined
to be greater than the calculated one due to {2 cansidered to l§&¢; = 10 X L, = 2mH).
This leads to achiev@,; = 17.3mA), instead of (7.4mA). Hence, the designed valuerassu
the continuity of current during the starting prege

5. Experimental Measurement of (L¢, R¢, f, and @Q), for an induction coil:

It is already known that the application determitiesrequired frequency in the induction
heating process[5]. Hence, the parallel capa@tor, connected to the induction coil (tank
circuit) must be determined such that the reson&ecgiency of the tank circuit must be the
required frequency suitable for that applicationeTcoil resistance can be determined using
any conventional method used for resistance detetion. This arrangement can be satisfied
in spite of the unknown induction coil inductanaedahe tank circuit quality factor by the
most accurate method suitable to study the parasigtand Q), for any induction coll
experimentally. This is done by applying a pulsesoitable voltage amplitude to the tank
circuit composed of a certain defined capaéifgy, connected in parallel to the induction oil.
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The obtained frequency of the oscillating currezh e determined. The value of the tank
capacitor can be changed in order to achieve tparedl frequency for that application. Then
the self-inductance of the induction coil can béeduined using the resonant frequency

formula [6]
f= \] (LclcR B }Z_zf) ()

This leads to determine the quality factor alsoe Tommercial measuring device used for
this purpose is known as (Load Frequency AnalyjZér)

6. Design of the smoothing reactor:

Since any smoothing reactor is connected in séeéseen the source and load terminals,
then the total load current will pass through é@née it suffers from saturation in addition of
its inherent nonlinearity in its magnetic core @ueristics. These two difficulties can be
avoided by making an air-gap in its magnetic circBo, in general, for any smoothing reactor
there is an air-gap.

It is already known that the magnetic circuit equatso = (NI/S)] , where { = the
magnetic flux (Wb)Y = the number of turns of the colil,= the current passing through coill
turns andS = the magnetic reluctance (A.Wp The total magnetic reluctar(&), in this
case, two terms one of ir@$), and the other of the air-g&) ), a{Sr = S; + S,;) will be
composed. But sindg, > S;), then (S; = S,), this leads top = (N1/S,)] in an air-
gapped coil. Now, in order to overcome the nondmtg and to work in the easy
magnetization region of theB{H) curve of the core material the maximum value ho# t
excitation current must be considered such thaillinot exceed the linear part, then:

_ Nlmax

Pmax = Sg (5)

BUt(@max = Bmax X Ac), WhereB,,,,, = the maximum flux density (Wb.A), and
A, =the iron core cross-sectional areZ)riThen

Nlmax
BnaxAc = T (6)

Or
Nlpax = BmaxAch (7)

SincqdS, = l,/(uoA.)] then
l
ASy = H—“‘: (8)
l; = The air-gap length (m),
1, = The permeability of air-gap (H:f)

Substitute (8) in (7) results in
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l
NILyax = Bmax M_go 9
Since, the inductance of the smoothing reactorbbas(Ld = NZ/Sg), this leads to[7]:

2
Ld::ﬁﬂiii(lo)

_ HoNzAc
Then ly = L (11)

2 2
From (9) N = Smaxl and this equation can be writtel(ﬂé = BL"l‘j) Substitute in (11)

J 2
maxHo Ihax Mo

for(N?), results in:

L 13
. = HoLd x rgax (12)
9 Ac Binax

Or

l L 13
Lo — Lay tmax (13)
Ho Ac Binax

Substitute (13) into (9) results in [7]

N = 2 Imax (1 4)

AC Bmax

7. Design procedure

As mentioned before, the required smoothing reaictdoe designed must be of (2mH)
self-inductance and (117A) in order to feed (60K@4d. The available steel sheet is of type
G8 due to the Japanese Industrial Standard (H®)Gt magnetization curve is shown in Fig.
(4) The characteristic is linear up to abdB&{ 1.1T), hence, let us considsf,,, = 0.85T),
(Imax = 117A) andl, = 3.2 mm), due to the available insulating material to bedu the
air-gap region. To determif,), apply equation (15) results in
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DC Magnetization Curve for G8
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Fig. (4) The DC magnetization Curve for magnetic steel sheet type G8 due to the Japanese Industrial
Standard (JIS)

_ ﬂoLdIrznax
A, = YT (15)
maxtyg

4 x 1077 x 2x 107 x (117)?

= —72 — 2

Since this value of the core area is too largen thieother area G, = 95cm?)can be
considered. Now, recalculatB,(,, ) for (4, = 95cm?) using (31) also, which leads to:

5 _ HoLalfax 4mx 1077 X 2 X 1073 x (117)?
mECT Al 95x107%x3.2x 1073
Bopax = 1T
This value can be applied safely because it isiwitie linear region of the (B-H) curve of
the iron core material. Now to find the numberwhs use equation (30):

_2><10-3X117_246
T 95x1047 1 °7

Then the number of turns considered in this demdN=24). To choose the suitable wire

gauge, considering the current dengjtyon the wire to be (5Amf), then J = IZ“”‘, Ay =
w

the copper wire cross-sectional are&)1so,
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_ 117

Ay == 23.4mnY

The closest standard wire for this value is a fikass insulated copper wire of dimensions
(3.5 x 6.2) mm is the most suitable for this desigigure (6-a) shows the core lamination
arrangement and Table (1) show their dimensiondewhgure (5-b) represents the already
designed and manufactured coil.

©

© ©

7\

(5-a) Core lamination (5-b) The designed coil

Figure (5) Designed and manufactured smoothing reactor

Table (1) Core Lamination Dimensions

Item Dimension of pieces (mm) No. of pieces
1 95 x 160 335
2 95 x 255 335
3 95 x 135 335
4 95 x 230 335

The total dimensions of the designed coil are:

lgi = The air-gap per one limb=1.6mm. ly=2X1l, =2x%x1.6=32mm,.
Thickness of each lamina= 0.3mm Gross width=33% 0.3=103.1mm
Stacking Factor= 0.97 Core Netadr 9% 103.1X 10°X 0.97=0.0095

Core mean lengtfi,.)= 255+135+255+135= 780mm
Hence,(Hpax = NlLnax/lc) = (24 X %) = 4615Am~! and this value will initiate one tesla

flux density in the designed core. So, the openagan the linear region.
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8. Simulation and Practical Results

The power supply was designed and simulated usiigrIMB-Simulink computer
package. Fig. (6) shows the MATLAB-Simulink connentdiagram of the power supply,
while figures (8, 9) show the simulated voltage andent waveforms a=95°).
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Fig. (7) The voltage and current waveforms at(a=95°).
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Fig. (8) The voltage and current waveforms at(a=95°) representing the continuity of the starting current.

9. Implementation of Power Supply:

The designed power supply was implemented; Fig.sf@ws the power supply during
operation. The practical results are shown in 8gufl0, and 11) represent the voltage and
current waveforms at a starting triggering angbs°®). Fig. (11) shows the output voltage
waveform, declares an unbalance in the appliedtbnene voltages during the test. Also, it
shows the output current waveform passing throbghHdad at that triggering angle. It is clear
that the minimum value at the end of the trangpamiod will never reach zero. This truth is
quite clear in the fig. (11) which shows the cutneaveform also, but with different time and
voltage scale.

Fig. (9) The power supply during operation
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Fig. (11) The current waveform for the same triggering angle(a = 95°), representing the continuity of the starting
current.

The obtained practical results show a good agreemigh the simulation results shown in
figures (7, 8) for the same triggering angle, usMéTLAB-Simulink) simulation

10. Discussion
The quality factor condition must be considerethd load is changed to assure aperiodic

continuous current mode at starting of the indurctieating furnace. This means that with this
_vi

power supply sincélL; ~ 10 x L;)and (Re ?), and [Q = (wL./R.)], then these

restrictions must be studied to determine the tianamargin of the load parameters
(f, L¢c, R.). For example: if the inverter frequency is constren the equivalent resistance
of the new load must be< R,) to use this power supply safely. Also, for a lowalue of the
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operating frequency margin, the inverter is affdchy the quantityQ = (wL,/R,) = 20].
This means that in order to satisfy the above taad@ions mentioned at starting, the load
parameters must be studied carefully.

11. Conclusion
a- The implemented source is capable to feed a varidll voltage (513.18 -54.756) V,
the maximum power at the 513.18V case is 60kW, mam DC current is 117A. It
works as a current source feeding a single phasetar loaded by a resonating tank
circuit of effective resistance (4.3@%, such that the quality factor greater than 20.
b- The experimental results show a good coherency thitse obtained by simulation.
This work reveals that the determination and th@gheof the smoothing reactor is the

vital step of building this power supply
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Appendix-A

In order to assure a desired aperiodic start upsteat (dynamic behavior) during starting, the
value of the self-inductance of the smoothing madetermined due to the following

equation [2]:
5V§<Qn+/8k§—n2)

n2PfKE

Ld = (A' 1)

Where:
P: the output power from the converter

V;: The mean voltage from the controlled rectif{@,...) at @ +§ = 60.0), [meanga =
0.0°)], and
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Va = Vinean = EVline(max)COS(a)
Or,
Ve =22v,(A2)

Viinetmax): The maximum value of the three phase line to Viokage applied as input to the
controlled rectifier and it is sometimes denote@as)

(V) : The rms value of the line to line voltage.

Q: The quality factor of the load circuit

wlL,
Rc

Q=—(A3)

Ky: The voltage ratio factor
14 T

K, =—=
V" v, T 2VZxcosB

(A-4)

B: The turn off angle of the thyristor

V: The rms value of the inverter output voltage

Lg4: The load equivalent self-inductance

R.: The load equivalent resistan¢&, = R.)at resonance.
w: The angular frequency of the load voltage

w = 2nf(A-5)

f: The frequency of the inverter (load voltage frexcy)

To assure continuous current mode at startinghgctirrent must be sustained at a value
greater than the thyristor's holding curfdp}, during the periofw, T; < w,t < w,T,) [Refer
to figure (3)]. Shenkman, studies this conditiorici®ws:

The current in the above circuit is shown in Fig), (changes in accordance with the
following two expressions [1]:

1- During the first period, whdf(/3) + a} < w,t < 7], as

2-

iy =m [sin (wrt + g +a—¢ ) — sin (g +a-— <p) e_(Re/Ld)t] (A-6)

z

3- During the second periddr < w,t < w,T,), as
ig= Iste—(Re/Ld)t(A_7)

Where:

iy: The instantaneous value of the load current.
a:The triggering angle.

w, . The angular frequency of the rectifier AC supply.
@: The phase shift angle, and is given by:
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¢ = tan" (w,La/R.) (A-8)

V... The amplitude (peak or maximum value) of the liadine of the input voltage to the
controlled rectifier.

I;;: The initial value of the current for the seconeripd, achieved at the end of the first
period.

z: The load impedance as shown in figure (2)

Z =/ Rg + (erd)z

The controlled rectifier output voltag®’;) (The voltage across the freewheeling diode)
depends on the maximum (peak) input line to linétaga(V,,,) , and on the thyristor
triggering angléa) , as follows:

V; = (%) V.. m cOsa 0€a< g) (A-9)

3

V, = (;) V. [1+ cos(n/3 + a)] (g <a< 2?”) (A-10)

ANnd if V ax COrresponds ta = 0 andV; ,,;n, COrresponds ta,,,,, we get

Aax = COS™ L (% — 1) —g (A-11)
The factofD = V;max/Vamin) 1S the regulation range, which is usually given tne
technological process. Since for most industrialiggent5 < D < 10), then

83° < Amax < 94° (A-12)
ANd T, = ((@nax — (/3))/w)(A-13)
FOr @, = 83° = 1.4486 rad, and w, = 2150 = 314.159 rad.§', then
T, = ((1.4486 — (1.047))/314.159) = 1.277ms

Similarly for a5, = 94" = 1.6406 radandT, = 1.88ms.

This reveals that
(1.277 < T, < 1.88)ms

Since, the time constant of the load cirduit) lies between (0.6-1) ms, where
Lg
T, = (A-14)

Therefore, the extended time peri@@k;) of the transient current in the second interval
lies in the range between (1.8- 3) ms. This mehat dt the end of the second interval the
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current magnitude will reach not less than 5% o¥dlue at the beginning of the interval. The
condition of the continuous current mode is thenefo

lonag = Iy, 0rlpng = 2015,

I, : Is the thyristor holding current.
I..q ¢ IS the current at the end of the first intervdimed by equation (6), and
I : Is the current at the beginning of the secondvaledefined by equation (7)g.:

I = f(T1)

The solution of this problem is by solving equat{éh which hasn't exact solution, but the
approximate by assuming different valuesRgr andz,, thenly; = f(T,), can be determined
with the aid of the curves plotted in figure (A-I)he analytical approximation of these
curves might be found at

iq(Ty) = 0'1;# [1 +2 (g - amax)] [1 — e(_o.sxrﬁ)] (A-15)

Solving this equation fdt, ), yields

(A-16)

Vilp

0.2P( 142(Z-amax
Ly =TiRe = 0.3x 1073 XReXln< ( + (2 @ )))

This formula has been obtained under the assumphiahthe inverter operates in an
aperiodic dynamic mode.The largest valud. gfobtained from (1) and (16) has to be chosen
for the inverter design.
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