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Using a pulse density modulation (PDM) for regulating and stabilization of a transistor converter’s load current for
induction heating equipment, with the number of pulses during a modulation period divisible to the half-period of an
inverter’s output voltage is considered in this paper. A mathematical model of the resonant voltage inverter under PDM
and analytical equations for maximum and minimum current amplitudes and their difference determining the swing of
the ripple current’s amplitude were obtained. It is made clear that PDM with the number of pulses during a modulation
period which is divisible to the half-period of the inverter output voltage allows, on average, to reduce the swing of the
ripple current’s amplitude and enlarge the regulation range of the load current. References 6, figures 4.
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Introduction. Induction heating is widely used in various fields of industry for providing melting,
soldering, tempering, heating parts, etc. Transistor converters for high-frequency induction heating systems
have a lot of advantages and successfully replace lamps and thyristor generators. Their advantages include
high efficiency, small size and weight, longer life time, operation convenience.

For induction heating equipment in the frequency range of 10...440 kHz transistor converters based
on voltage resonant inverter with the PDM are widely used [2,3]. The structure of these converters has
simple power section, which includes uncontrolled rectifier, a filter, the bridge type’s voltage resonant
inverter, a matching transformer and a capacitor C. An equivalent load circuit of the converter can be
represented as a series connected inductive element L and a resistor R [1].

For providing different technological modes in induction heating equipment it is often necessary to
regulate and stabilize the output current or power. Small dynamic power loss which are a significant
advantage of inverters with PDM are obtained by switching transistors at a near-zero current that
corresponds to the operating mode at a frequency near to the resonant one. For providing this it is being used
an automatic frequency control (AFC) [4,5].

Fig. 1 shows the output voltage u and current i of a matching transformer, as well as the control voltage
u; under PDM. It is convenient to evaluate a repetition period 7), of the PDM and on-state time ¢,y or off-state
time zorr With the aim of integer numbers that are divisible to the output voltage period T of the inverter
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where n=s-m — the number of periods 7, during the off-state time topr; m — the number of periods 7, during
the on-state time fqy; s — the number of periods 7} for the period 7T); in other words, numbers 7n, m, s can be
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inverter due to AFC function under the PDM and, more generally, on the ability to use the PDM at a low Q
factor of the resonant circuit [2,4-6].

The purpose of this paper is to research PDM under the number of pulses during a modulation period
divisible to the half-period of the inverter output voltage to reduce the swing of the ripple current’s amplitude.

The basic material. Let’s consider the PDM with the number of pulses during a modulation period
divisible to the half-period of the inverter output voltage. In this case, the number of periods n during zopr
and the number of periods m during toy will be determined by numbers divisible to 0,5. All possible
combinations of PDM parameters (7, m, s) can be divided into four cases: 1) n, m — only integer numbers that
are divisible to a period of the inverter output voltage ({n}=0 and {m}=0, where {n} and {m} — fractional
part of numbers m and n, respectively); 2) n, m — numbers with the fractional part equal to 0,5 ({n}=0,5 and
{m}=0,5); 3) n — the number with the fractional part equal to 0,5 ({n}=0,5), m — the integer number
({m}=0); 4) n — the integer number ({n}=0), m — the number with the fractional part equal to 0,5 ({m}=0,5).

The first case (fig. 1) is investigated in detail in [3]. In the second case, when {n}=0,5 and {m}=0,5,
the inverter’s output voltage has a direct current component leading to saturation of the matching
transformer. For the case when {n}=0,5, m — an integer one two consecutive voltage pulses of the same
polarity will be applied to the matching transformer, so the transformer must be designed for the frequency
twice lower than the initiative one. This increases the weight and dimensions of the transformer. Therefore, it
is inappropriate to use those values of numbers n where {n}=0,5.

Let’s consider in detail the fourth case where {n}=0, {m}=0,5 (fig. 2).

Fig. 3 shows equivalent circuits of the serial resonant voltage inverter, matching transformer and
resonant circuit for intervals oy and ¢orr, Where u(?) is the matching transformer’s output voltage.
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It significantly helps to simplify analysis and obtain equations in the algebraic form.

In the steady state mode for the adjacent intervals tow;, torri, tons, torr: final voltage value across C
and current through L on a previous interval coincide with the initial voltage value across C and current
through L of the next interval. Applying the Laplace transform’s operator method there were defined
equations that describe current of the resonant circuit in the case when {n}=0, {m}=0,5
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Taking into account differences between equation for the resonant circuit’s current for the case when
n, m — only integer numbers [3] and for the case where {n}=0, {m}=0,5 it is established a generalized
mathematical model of the resonant voltage inverter with PDM where the number of pulses during the on-
state is divisible to the half-period of the inverter’s output voltage and the number of pulses during the off-
state time — to a period of the inverter’s output voltage
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Using the mathematical model (4) there were established analytical expressions defining the
minimum / , y;,, maximum / , . current’s amplitudes and the difference between them Al , which defines
the swing of the ripple current’s amplitude in relative units under regulating of an intermediate modulus
load’s current /4y¢ (R=const, / *AVG=2m/7rs=var)
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Current’s stabilization is an important task both for limiting the current’s intermediate modulus value
and for providing different technological modes during induction heating. Under load parameters’ changes it
is also necessary to make current not to fall to zero; otherwise there will occur mal-functions of AFC system.
In practice, the load resistance can both increase and decrease during the technological cycle. Also does the
inductance L and, respectively, the quality factor Q, although to a lesser extent.

Let’s consider the limiting of the maximum current /,;6’s mode which corresponds to the load
resistance’s decrease from the initial value Ry to the final value Rpy. Under this we assume that the Ry
value corresponds with a following y duty ratio of the modulated voltage: y =m/s =1 and L=const. In this

case we can write
R = R/Rpy; > R= R Ry, )
0=0w /R 9)
Under the stabilization of intermediate modulus’ load current it can be obtained from (8):
.2 Yy m_m

(10)

Expressions (5), (6), (7) for the limiting mode of the maximum current /¢ considering with (9) and
(10) are given by
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Using the method of determining PDM parameters [3] allowing to select combinations of PDM
parameters for the smaller swing of the ripple current’s amplitude, increase its frequency, decrease maximum
and increase minimum current amplitudes with taking into consideration a case when the number of pulses
during 7oy is divisible to the half-period of 7}, there were obtained control characteristics of current / y vc and
AI, in relative units (fig. 4) in the regulation mode of the intermediate modulus’ load current under different
O values for two cases: 1) when the number of pulses per time zoy is divisible to the period Ty (fig. 4 a, ¢)
and 2) when the number of pulses per time oy is divisible to the half-period of T}, (fig. 4 b, d). Under the
calculation it was assumed that s.,,,=10 and limiting condition for current are following: for I, min at the
level more than 5% and for / *a max — at the level up to 120% of current’s amplitude under y=1.
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Fig. 4

As shown in fig. 4, using the PDM with the number of pulses during #oy divisible to the half-period
of Ty allows to get more points of control regulation characteristic I yve and, on average, to reduce current
AI', that, in turn, reduces dynamic power loss during the AFC. When the control system is opened the load
current may be changed discretely. Insertion of negative feedback on the regulatory parameters allows to
control the load current smoothly throughout the whole range [1]. If the necessary value of y does not have a
corresponding point on the regulation characteristic, then the feedback will provide the value of y by the aim
of combining existing points on this characteristic. However, it is inadmissible to combine the value of y=0
with other points of regulation characteristic, because for such a case the amplitude / *a min Will be lower than
that given by limit conditions; as a result mal-function of AFC may occur. One more negative effect of
combining y=0 is in reducing the regulation range of current /.
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Conclusions. Using the PDM with the number of pulses during the 7oy divisible to the half-period of
the inverter’s output voltage and the number of pulses during zorr — divisible to the period of the inverter’s
output voltage, when compared with the PDM when the number of pulses during oy is divisible to the period
of the inverter’s output voltage allows, on average, to reduce the swing of the ripple’s current amplitude and
extend regulation range of the load current. Additionally, dependencies of minimum and maximum current
amplitudes and the ripple current amplitude’s sweep on PDM parameters (n, m, s) are received.
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TPAH3UCTOPHU PE3OHAHCHUMI IHBEPTOP HAIIPYTH 3 HY IMITYJIbCHOIO MOJYJISALIEIO
JJIS1 YCTAHOBOK IHAYKIIMHOI'O HAT'PIBY
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Incruryr eaexrponnnamiku HAH Ykpainn,
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Posensnymo euxopucmannus HY imnynocnoi mooynayii ons pecynosanus ma cmabinizayii cmpymy HAGAHMANCEHHS.
MPAH3UCMOPHO20 NEPemeopro8aya O0isi YCMAHOBOK THOVKYIUHO20 HASPI8Y, KOMU KIIbKICMb IMNYIbCI8 3 nepiod Mooy-
Ayl € Kpamuor nignepiody euxionoi nanpyeu ingepmopa. Ompumano MamemamuyHy MoOeib Pe30HAHCHO20 [HEep-
mopa Hanpyeu npu HY imnynvcuii Mooyaayii ma ananimuyHi upasu MaKcuMAaibHOl ma MIHIMAIbHOT aMnaimyo cmpy-
MY, @ MAKoc PIHUYI MIdC HUMU, SIKA 8USHAYAE PO3MAX NYyabcayii amnaimyou cmpymy. Bemanoeneno, wo euxopuc-
manna HY imnynscnoi mooynayii, 3a60aKu AKill KilbKicmbs iMRYIbCI 3a nepiod MoOyaayii KpamHua nienepiody uxioHol
Hanpyau iHeepmopa, 00360JI4€ 8 CepeOHbOMY 3MEHUUMU PO3MAX NYAbCayil aMnaimyou cmpymy ma powupumu diana-
30H pe2ynosanta cmpymy Hasanmadxcenus. bioin. 6, puc. 4.

Kntouosi cnosa: TpaH3UCTOPHUN PE30HAHCHUN 1HBEPTOP HAIIPYTH, YCTAHOBKA IHAYKIIHHOTO HArpiBy, HU3bKOYaCTOTHA
iMmynscHa Moy, HY iMimynecHa MOy IsIis.
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TPAH3UCTOPHbII PE3OHAHCHbBII MHBEPTOP HANIPSIXKEHUS C HY UMITYJIbCHOM
MOAYJAIUEN 111 YCTAHOBOK UHIYKIIMOHHOI'O HATPEBA
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Paccmompeno ucnonvzoeanue HY umnynschou mooynayuu Ona pecyiupo8anuss u Cmaounu3ayuu moxka Hazpy3Ku mpau-
3UCMOPHO20 NPeobpazoeamens Ol yCMAHOB0K UHOYKYUOHHO20 HA2pe6d, KO20d KOIUYEeCME0 UMNYIbCO8 3a NepUuoo Mooy-
JAYUU KPAMHO NOJYREpUody 8biXx0OOH020 Hanpsvicenus uneepmopa. Ilonyueno mamemamuieckyio mMooens pe3oHaHCHO20
unsepmopa nanpaxcenus ¢ H4 umnyavcnou mooynayueri U anarumuyeckue ulpaxcenusi MakCUManbHol U MUHUMATBHOU
AMAAUMYO MOKA, 4 MAKIHCE PASHUYLL MeHCOY HUMU, KOMOPAs onpedeniem pasmax nyrbCayu amMnaumyobl moxa. Ycma-
HOGIeHO, YMmOo ucnoib3oeanue HY umnynocroi Mooyiayuu, 61a200apsa KOMopou KOIU4ecmeo UMnYIbCos 3a Repuoo Mooy-
JAYUY KPATMHO NOTYNEPUOOY 8bIXOOHO20 HANPSAICEHUS UHEEPMOPA, NO3B0AEM 8 CPEOHEeM YMEHbIUUMb PA3MAX NYTbCayuu
aAMIAUNTYObl MOKA U PACUUPUING OUANA30H Pe2yIuposanus moxka nazpysku. buoi. 6, puc. 4.

Knrouegvle cnosa: TpaH3UCTOPHBIA PE30HAHCHBIM WHBEPTOP HANpPSDKEHWS, YCTAHOBKA HMHIYKIMOHHOTO Harpena,
HHU3KOYACTOTHAS MMITyJIbCHAsA Moxy siius, HY uMmynbcHast MOmy isiys.
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