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Analysis and simulation of a BJT complementary pair
in a self-oscillating CFL solution

Introduction

The steady-state oscillation of a novel zero-voltages switching (ZVS) clamped-voltage (CV)
self-oscillating resonant driving system for compact fluorescent lamps (CFL), using a
complementary pair of bipolar transistors on the half bridge converter section, is analyzed
and simulated.

One or more auxiliary windings are added on the ballast inductor in series with the lamp in
order to generate the periodic signal to supply the bases of the two complementary devices
connected to each other in a common emitter half bridge topology. In fact, an LC network
filters, with a resonant effect, the voltage generated by the secondary winding of the load
transformer, producing a novel, periodic switching signal to accurately control the bases of
the transistors. The two bipolars are supplied by a unitary control signal so it is not possible
to turn on both devices at once because of their opposing base-emitter junction thresholds.

Self-oscillating operation is divided into eight stages according to the variation over a period
of the driving voltage signal across the filter capacitor at the output of the transformer
secondary windings. Stage-wise circuit analysis shows as the resonant filter action limits the
lamp current and dominates the switching frequency of the ballast in steady-state working
condition.

The half bridge of the power active devices generates a rectangular voltage waveform that
drives an opportunely tuned output circuit composed of a parallel loaded RLC output circuit
of which the R is the steady-state LAMP resistance. For the inverter self-oscillating
condition, the switching frequency is determined by all of the circuit elements related to the
oscillation frequency, such as the resonant tank, gas-discharge lamp, driving circuit, and
switching devices. Depending on the circuit design, its oscillation frequency is typically
around 35 to 48 kHz and can be eventually increased by shortening the storage time of the
bipolars. Cost benefits are achieved by the proposed self-oscillating solution that allows to
drive the CFL lamp eliminating the saturable core auxiliary transformer, placed in the more
traditional standard solution, without sacrificing the performance or reducing the expected
life time of the lamps.

In this paper, general structure and self-oscillating principle are discussed and verified by
laboratory experiment, while analytical results are validated by mathematical simulation
using the Matlab tool.
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Figure 1.

Circuit description

The circuit comprises a fluorescent lamp connected to a ballast inductance according to a
voltage fed topology with a single voltage resonant driving system supplying the bases of

two complementary bipolar transistors connected to each other in a common emitter half

bridge topology.

Figure 1 depicts the complementary pair CFL board electrical schematic.

Complementary pair circuital topology
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Based on the previous figure, the current source that flows through the load transformer
T1A, is fed back through a secondary winding of the current transformer itself and, upon
filtering operation of the LC network (L1-C2), is converted into a base current suitable for
driving the bipolars in saturation state. Therefore, this source provides the excitation to the
bases of the transistors, so that the converter oscillation is perpetuated by its own
regenerative feedback means. Few additional turns (around 1-3 turns) on the ballast
transformer can be added as secondary windings since the resonant effect assures that the
voltage across the filter capacitor C2 results higher than that imposed by the transformer
secondary (see References 2). Capacitors C3-C4 in series to the base, together with the
magnetizing inductance of the transformer and the resonant effect of the LC filter, provide
the required phase shift to maintain the oscillation condition. Soft-switching condition of the
devices is achieved using the external snubber capacitor C5 inserted between the emitter
and collector of the PNP bipolar Q2 to control precisely the collector-emitter voltage rise
time duration and reach negligible switching losses during the turn-off switching for both
bipolars. The L1-C2 network inserted at the output of the transformer secondary acts as a
sinusoidal voltage generator across the C2 capacitor itself to supply the R-C network
(R2-C3-C4) connected in series to the base of the transistors. All the system including the
LC filter, RC driving network and RLC series load network impedance reflected from the
primary side back to the secondary one of the ballast transformer, is resonant at the half
bridge converter section working frequency while the single LC stage has the function of
filtering the fundamental component of the voltage signal across the transformer primary
opportunely lowered by the transformation ratio. In fact, the LC network should ideally be
designed in order to have a cut-off frequency included between the first and the second
harmonic component of the signal coming from the secondary side to filter in order to
attenuate all the signal frequencies from the second one. Therefore, the half bridge section
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Circuit description

working frequency and, consequently, the lamp power are influenced by the sizing of both
L1 and C2 components. Capacitor C2 has also the function of putting the base current in
phase with the collector current. Resistance R2 of the series R-C network has the function
of regulating the current level to provide to the bases of both transistors acting on the power
lamp. In the proposed driving solution, the two capacitors C3 and C4 are charged with
opposite polarity to each other and assuming the same polarity of the base-emitter voltage
of the relevant bipolar transistor. In the regular functionality, when a capacitor goes through
a charging phase, before or during the conduction time of the relevant bipolar, so the
opposite capacitor is discharging contemporarily with a long constant time due to the series
with the breakdown resistance R4. So, this resistance R4, inserted between the bases of
the two transistors, creating an alternative path for the discharge of each capacitor, also
avoids that the oscillation is blocked during startup phase when one of the two capacitors is
fully charged. Regulating the discharge time of each capacitor, this resistance allows to fine
tune the working frequency and consequently the power supplied to the lamp. Two
capacitors C3 and C4 are not totally discharged during a forcing voltage source period but
maintain always a residual charge passing from the discharging to the charging transient.
Therefore, current across the breakdown resistance R4 flows always in the same direction
going from the PNP to the NPN base because the two capacitors maintain always the same
polarity during a period of the voltage signal across the C2 filter capacitor. A breakdown
resistance with a too high value can increase the working frequency but also can bring the
reverse biased base-emitter junction of the inactive device in breakdown condition. And vice
versa, a too low value of the breakdown resistance could cause re-conduction peaks in the
PNP transistor at the high temperature when the emitter-collector voltage reaches the
maximum value. In particular only the PNP device can show the phenomena above
mentioned because it has a lower base-emitter breakdown voltage and it has a higher low
current hg, than the NPN one. Setting the resistance R4 in order to guarantee a Vggy; value
in the range -4 V to -7 V, it is possible to avoid breakdown phenomena for the base-emitter
junctions of the bipolars and, at the same time, anomalous re-conduction effects due to
unexpected disturbances.
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Startup phase

The two bipolar transistors should have an appropriately high gain value in order to
guarantee the correct ignition of the lamp during the startup phase. Compact fluorescent
lamps usually require about 600 V as peak voltage to strike the arc. Once the arc is
established about 100 V are enough to sustain it while, electrically, the resistance of the
lamp falls from about one mega ohm down to a few hundred ohm (see References 1).
Furthermore, the value of the load inductance L of the ballast must be chosen so that it does
not saturate at the operative current of the lamp, even at high temperatures. In fact the lamp
is ignited by generating an overvoltage across the capacitor C6 in parallel to the tube,
through the circuit formed by the series of the ballast transformer primary inductance and
C6-C7-C8 capacitors. At startup the lamp is an open circuit and the C6 capacitor imposes
the resonant frequency of the circuit as C6 is much smaller than the C7-C8 ones. The
imposed overvoltage is high enough to ionize almost instantaneously the gas in the lamp.
Once the lamp is lighted, the capacitor C6 is short-circuited by the lamp itself and the
natural frequency is determined mainly by the capacitors C7-C8 charged/discharged
through the DC-AC converter. The startup network is represented by the only resistor R3,
connected between the collector and the base of the high side transistor, since the
capacitors in series with the bases act as a high impedance elements during the first instant
of the startup.

Doc ID 018840 Rev 1 KYI




AN3400

Bipolar transistor operating modes

3

Bipolar transistor operating modes

Bipolars switching in the resonant circuit have three different operating modes in normal
working conditions: re-circulating, conduction and transition phases.

During the re-circulating phase, the transistor isn't yet in conduction state and passes from a
first inactive state in which its B-C junction diode is activated to allow the re-circulation of
load inductor demagnetization current I p shared with the external diode in anti-parallel to
the device itself, to a second inactive state in which the external diode is turned off but both
of the two B-E and B-C junctions are forward biased in order to complete the residual
demagnetization of the Lp inductor until the forcing re-circulating current I 5 that imposes
the negative collector current, reaches the zero value. In conduction mode, the two B-E and
B-C junctions of the transistor continue to be forward biased and the bipolar transistor
conducts a positive magnetization current for the inductive load. The turn-off mechanism
occurs in three stages: “storage time”, or time spent to extract the storage in excess and
recombine the charge stored on the base, “current fall time”, in which the collector current
passes from 90% to 10% of its maximum value, and “rise time” of the collector-emitter
voltage. The transition mode occurs during the voltage rise time and represents a sort of
“dead time” phase in which both bipolars are substantially inactive since only the B-C and
B-E junction capacitances of both devices are interested in being charged/discharged in
reverse bias. This phase anticipates the re-circulating phase preliminary to the conduction
phase of the complementary device. During the turn-off process, the dynamic operation
point of the transistor moves through three different operating regions on the current-voltage

” o«

Ic-V e characteristic: “hard saturation region”, “quasi saturation region” and “active region”.

® Hard saturation region: at the first instance of turn-off switching time, the base-collector
junction is forward biased and the base region and collector drift region are both in
high-level injection condition. An excess carrier distribution fills the collector drift region
and the storage time is just the time required to remove/extract this charge stored in
excess. Also the contribution of charge decay due to recombination, depending on the
minority-carrier lifetime, influences this phase. During the storage time process the
base-emitter voltage does not change immediately from its forward bias value Vgggar
due to the excess minority carriers stored in the base region, and also the
collector-emitter voltage remains constant. The extent of storage time is dependent not
only on the amount of excess charges remaining in the collector drift region but also on
the external driving. Excess minority carriers are removed from the base region and
base-collector junction at a constant rate determined by the negative base drive
voltage, as well as the base drive resistance, and proportional to the reverse base
current g4 slope. So the excess charge at the base-collector junction begins to reduce
due to charge removal to make up for the reverse base current and the collector current
continues to increase.

® Quasi saturation region: after the storage time, the forward biased base-collector
junction is out of high-level injection and the remaining charges stored in the base
become insufficient to support the transistor in the hard saturation region. Therefore, at
this point the transistor enters quasi saturation region in which the depletion region
begins to expand while a voltage appears across it and the collector-emitter voltage
starts rising with a small slope. After having removed the charges in the drift region
holding the bipolar in the quasi saturation region, the transistor enters the active region.

® Active region: crossing the active region, the charges stored in the base region are
insufficient to support the full negative base current so the base-emitter voltage starts
falling negatively and the negative base current starts reducing. Correspondingly, the
stored base charges can no longer support the full load current through the collector so
that also the collector current decays exponentially resulting in current fall time required
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to remove remaining stored charge in base. Both of the slopes dictated by base current
and collector current simultaneously decay with time due to recombination.

Collector-emitter voltage increases rapidly towards the rectified voltage upper rail Ve
until it is exceeded in order to turn-on the anti-parallel diode of the complementary
device at the end of the rise time interval. The increasing voltage is supported across
the collector drift region while the expanding depletion region at the base-collector
junction sweeps out the excess charge until it totally sustains the bus voltage.

To reduce the stress on the devices, and hence the switching losses, the half bridge
converter switches under zero voltage (ZVS) conditions, in which turn-on losses are absent
and a favorable turn-off trajectory of power transistors can be ensured by the use of a
snubber capacitor. In fact, contrary to the hard switching dynamic, in which the voltage rise
was a function of the amount of charge in the drift region after the storage phase, with the
soft-switching dynamic the rate of voltage rise during turn-off is controlled by the snubber
capacitor connected across the device. While the voltage continues to raise, the collector
current decays to zero and the load current flows into the snubber capacitor until the device
voltage reaches the bus voltage. Therefore, even though turn-off does not occur at exactly
zero volts, the stresses on the device are much reduced compared to hard-switching mode.
When the collector current reaches the zero value, the bipolar turn-off process is completed
and the load current starts to freewheel through the anti-parallel diode of the
complementary device.

Doc ID 018840 Rev 1 KYI




AN3400

Principle of self-oscillating operation

4

Principle of self-oscillating operation

The current through the transformer primary T1A and the resonant network at the half
bridge output consists of two portions of waveforms, one when the load inductor is clamped
to the upper rail at the end in common with the emitter node of the bipolars by the NPN
bipolar Q1 and its anti parallel diode D5, and the other one when it is clamped by the PNP
bipolar Q2 and its anti parallel diode D6 to the lower rail. The intervals, when the snubber
capacitor C5 is charging/discharging while the emitter common node ramps between the
rails, are generally short compared to the conduction periods. To achieve the ZVS working
condition, the bipolar transistor is turned on at the end of the re-circulating phase of the
residual demagnetization current from the load transformer.

Figure 2, 3, 4, 5 and 6, describe the main conceptual steady-state signals related to the
theoretical working principle of the proposed driving system.

These figures highlight the different operating phases of the two complementary bipolar
transistors during the steady-state normal working conditions:

® Re-circulating time phases with a time length of “t5” and “tg” respectively for the NPN
and PNP transistors

® Conduction time phases indicated with “NPN-IBgtime” and “PNP-1Bgntime”
® Storage time phases indicated with “NPN-IBgtragetime” @nd “PNP-1Bgtoragetime”

® Dead time phases with the time length of “tg” and “tp” respectively for the NPN and
PNP transistors.

As previously described, the “dead time phase” refers to the transient occurring during the
voltage rise time and in which both of the bipolars are substantially inactive since only the
B-E and B-C junction capacitances on both devices are interested in being
charged/discharged in reverse bias. Moreover, from this point on and for the whole
steady-state analysis subsequently explained, it is assumed to name, for the sake of
simplicity, as storage time the interval including both the effective storage time and fall time
of the device.

Figure 2. Steady-state waveforms: filter capacitor voltage signal (V(t)), NPN base
current (lypn) and PNP base current (lynp)
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Figure 3. Steady-state waveforms: filter capacitor voltage signal (V(t)), NPN
collector current (Icypn) and PNP collector current (Icpnp)
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Figure 4. Steady-state waveforms: filter capacitor voltage signal (V(t)), NPN
collector-emitter voltage (Vcgnpn) and PNP emitter-collector voltage

(Vecpnp)
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Figure 5. Steady-state waveforms: filter capacitor voltage signal (V(t)),
NPN base-emitter voltage (Vggnpn) and PNP emitter-base voltage(Vegpnp)
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Figure 6. Steady-state waveforms: filter capacitor voltage signal (V(t)), NPN base
series capacitor voltage (VCnpn) and PNP base series capacitor voltage

(Vcpnp)
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In Figure 2 the filter capacitor voltage V(t) and the base currents lpnp, and Ippnp of the two
bipolars during a period of the voltage signal filtered are shown. Two different signal
thresholds fix respectively the turn-on and turn-off instants of the devices during their
working operation period. In particular, in the previous figure it is evident that, starting from
the driving source voltage, the turn-on of the NPN transistor is possible only when the V(1) is
higher than the Vcppnon-chartVBEsatnpn Value and similarly the turn-on of the PNP transistor
is possible only when the V(t) is lower than the -Vpnpon-char-VEBsatpnp Value. On the
contrary, the turn-off of the NPN transistor is possible only when the V(t) is lower than the
Vcnpnon-dischart VBEsatnpn Value and, similarly, the turn-off of the PNP transistor is possible
only when the V(t) is higher than the -Vpnpon-dischar-VEBsatpnp Value.

Figure 3 shows the filter capacitor voltage V(t) and the collector currents I, and lgpnp of
the two bipolars during a period of the voltage signal filtered. It can be seen as the collector
currents pass through the zero value at the end of the re-circulating phases in which the
whole residual external demagnetization current, imposed by the load inductor, has
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elapsed. Instants of turn-on switching are at t, (or t14) and tg times respectively for the NPN
and PNP devices.

Figure 4 shows the filter capacitor voltage V(t) and the collector-emitter voltage Vcenpn
signal and emitter-collector voltage signal Vecpnp, respectively of the NPN and PNP bipolars
during a period of the voltage signal filtered. In this image the waveforms are not reported in
scale since the voltage signals Vgnp, and Vecpnp assume far higher levels compared to the
V(t) signal ones.

Figure 5 shows the filter capacitor voltage V(t) and base-emitter voltage signal Vggppn and
emitter-base voltage signal Vegpn, respectively of the NPN and PNP bipolars during a
period of the voltage signal filtered.

Figure 6 shows the filter capacitor voltage V(t) and the voltage signals across the capacitors
Venpn @nd Vepnp in series, respectively, to the bases of the NPN and PNP bipolars during a
period of the voltage signal filtered. It is possible to see as the different signal thresholds
impose the initial instants of the charging and discharging phases for the capacitors in
series to the bases.

Observing the waveforms attached, which describe the resonant driving functionality, it is
clearly possible to distinguish the different working operation phases of the two devices

dvy)>o.

during a switching period. In particular, when V(t)>Vcnpnon-chartVBEsatpn With 5

NPN conduction time begins and when V(1) decreasing positively reaches the
Vcnpnon-dischart VBEsatnpn Value (that is V(t)<Vcnpnon-dischartVBEsatnpn With
%(V(t))< 0), the NPN storage time phase starts. After the fall time period, NPN bipolar can

no longer sustain its collector current so the voltage of the midpoint in common with the PNP
emitter changes. At this time, the short transition mode (‘dead time' after the NPN

conduction time has elapsed) begins (for 0<V(t)<Vcnpnoff-chartVBEsatnpn With

i(v(t))< 0 ), where both bipolars are off and the snubber capacitance carries the load

dt
resonant inductor current while the B-C junction capacitances of the devices are
respectively charged (NPN) and discharged (PNP). Similarly, when

V(t)<-Vcpnpon-char-VEBsatpnp With %(V(t))< 0, PNP conduction time begins and when

decreasing V(t), in module, negatively reaches the -Vgpnpon-dischar-VEBsatpnp Value (that is
. d .

V(t)>-V gpnpon-dischar-VEBsatpnp With  5(V(t) > 0), the PNP storage time phase starts.

Short transition mode after the PNP conduction time (‘dead time' after the PNP conduction
time has elapsed) begins when -V pnioft-char-VEBsatpnp<V (1) <0 with

%(V(t)) >0 in which the B-C junction capacitances of the PNP and NPN devices are
respectively charged and discharged. Re-circulating phases elapse respectively for
0<V()<Vgnpnon-char+VBEsatnpn and %(V(t)) >0 with the NPN device turned on at t, (or t;,)

instant and for -Vcpnpon-char-VEBsatpnp<V(t)<0 and %(V(t))< o with the PNP device turned on
at tg instant.
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Steady-state stage-wise circuit analysis

This section provides a comprehensive description of the resonant filter working operation
using a stage-wise circuit analysis divided into eight phases in accordance with the variation
over a period of the voltage signal across the filter capacitor V(t) at the output of the
transformer secondary windings. The dynamic behavior of the resonant driving system can
be easily described by applying, in the time domain, Kirchhoff's voltage law on the loops
containing the filter capacitor C2 and the R-C network (R2-R4-C3-C4) connected in series
to the bases of the transistors and Kirchhoff's current law on the nodes with the branches of
the base series capacitors connected to it. The mathematical model developed is useful for
the successive simulation in Matlab environment.

® Stage 1: ty<t<t, and tyo<t<ty4: (re-circulating phase before the NPN conduction time:

. d
0<V(H)< Venpnon-chartVBEsatnpn With 5 (V()>0)

The re-circulating phase is referred to all the demagnetization transient of the load inductor
Lp elapsing until its current | p reaches the zero value at the end of this stage. This phase,
in which both Q1-Q2 switches are inactive, can be subdivided into a further two sub-phases
distinguished by the following:

—  First re-circulating phase before the NPN conduction time (fp<t<t; and tyo<t<ty3):
Both Q1-Q2 switches are turned off and the anti-parallel diode D1 of the NPN
transistor conducts, sharing with the forward biased B-C NPN bipolar junction, the
residual demagnetization current I p from the load inductor Lp. Voltage across the
filter capacitor C increases and charges the capacitor C,, in series to the not yet
forward biased NPN base-emitter junction, therefore assuming the same polarity
of the relevant Vggnpn-on, Whereas the capacitor C,, begins to discharge through
the breakdown resistance Ry, In this re-circulating stage, currents and voltages on
the driving network are represented by the information in Figure 7.

Figure 7.  First stage: first re-circulating phase before the NPN conduction time
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According to the agreement in Figure 7, the following equations are valid in the driving
section during the first re-circulating stage for to<t<ty and tyo<t<t3:

System of equations 1

4 V(t)= Vo ()

Vaen (t)= Vaca(t) = Voi(t) < Vagn on Where Vi, (t)> Vacn on and Vpy (t)> Viy

1t
VCn (t) = VCnor1a +C_J.10 ICn (tht where VCnor1a = VCn (tO—)
n
1t
VCp(t) = VCpor1a _C_J.tOICp(t)jt where VCpor1a = VCp (tO—)
p

< ll)=Cy - Sivey )

lop(t)=~Cy = (Vop 1)

lacn (t) =lcn(t)+lop (t) =Ip (1)~ Ip1(t) = Irs (t)

Ven (t) + VCp(t) = Vap(t)= VBEp(t) ~ Ve (t) with Vg (t) = _VEBp(t) >0

N

in which Igc, and Ve, are, respectively, the current signal and voltage signal of the NPN
bipolar forward conducting B-C junction diode. During this phase, in general, Vgg,(t) voltage
is so that 0<Vpggn(t)<VeEn-on for the NPN bipolar B-E junction diode, but if it were Vgg,(1)<0
the device would work in reverse active region as it is Vgcn(t)>0.

Neglecting the reverse recovery time of the anti-parallel diode D1, the subsequent phase is
given by the following second re-circulating phase before the NPN conduction time.

® Second re-circulating phase before the NPN conduction time (t;<t<t, and ty5<t<ty4):

In this phase the NPN bipolar transistor acts as two uncoupled/independent diodes. In
fact, the external diode D1 is turned off and the NPN device continues to be inactive
but, contrary to the previous first re-circulating phase, both of its two B-E and B-C
junctions are forward biased in order to complete the residual demagnetization of the
Lp inductor until the forcing re-circulating current I, 5 that imposes the negative
(extractive) collector current, reaches the zero value. Voltage across the filter capacitor
C continues to increase and charge the capacitor Cn in series to the forward biased
NPN base-emitter junction whereas the capacitor Cp continues to discharge through
the breakdown resistance Rb. When the inductive resonant current reverses, after t,
instant, the successive phase starts and the NPN device Q1 conducts carrying a
positive (coming in) collector current Icy,y. In this second re-circulating stage, currents
and voltages on the driving network are represented by the information in Figure 8.
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Figure 8. First stage: second re-circulating phase before the NPN conduction time
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According to the agreement of the previous image, the following equations are valid in the
driving section during the second re-circulating stage for ty<t<t, and tyg<t<t4:

System of equations 2

£ V-l
VBEn (t) = VBEn—on
Vien (t) = Vecnon and VECn( t) = ~Veen(t) < Voron

Ven (t) = Venort +—=— I lcn(tt ~ wWhere Vet = Venl(ts)
1

VCp(t) = VCpor1b _C_J‘HICp(t}jt where VCpor1b = VCp(t1—)
P

< lont) = Co 2 (V1)

|Cp(t) = Cp at (VCp(t))
anpn( ) (t) + ICp(t) ICnpn(t) + IEnpn(t) = ILP(t) + IEnpn (t) = lRS (t)
Ven(t)+ Cp(t)_ Vi () = BEp(t)_VBEn(t) with VBEp(t): _VEBp(t)> 0

N

® Stage 2: ty<t<ty: (NPN conduction time: V(t)>Vcnpnon-chartVBEsatnpn during filter
capacitor C charging phase for to<t<tz with E(V(t))> o and
dt

V(t)>Vcnpnon-dischartVBEsatnpn during filter capacitor C discharging phase for ta<t<t,

with %(V(t))<o).

From the t, instant V(t) voltage is higher than the Vcnpnon-chartVBEsatnpn Value and
increases up to reach its maximum value at t3. NPN transistor Q1 is turned on under
zero voltage switching (ZVS) and the current in the resonant load inductor increases.
Capacitor Cp, continues to be charged up by the source V(t), whereas capacitor C,
discharges through the breakdown resistance Ry inserted between the bases of the
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18/78

two transistors. After t5 instant voltage across the filter capacitor C decreases from its
maximum value while the capacitor C,, continues to charge until it reaches its maximum
value and the capacitor C,, to discharge maintaining a share of conduction current on
the base Ig,, of the NPN bipolar Q1. During this stage, the base current Ig, is the
superposition of two components, one generated by the Cn charging transient and the
other one generated by the C, discharging transient through the breakdown resistance
Rp. In this way, it is possible to see the voltage signal V¢, as a voltage source when the
NPN device Q1 is conducting. In this stage, currents and voltages on the driving
network are represented by the information in Figure 9 and 10.

Figure 9.

Second stage: NPN conduction phase with filter capacitor charge
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Figure 10. Second stage: NPN conduction phase with filter capacitor discharge
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According to the agreement of the previous images, the following equations are valid in the
driving section during the NPN conduction stage for to<t<ty:

System of equations 3

1 (4
VCn (Z) = VCnocl + C_,[ttZ ICn (tyt Where VCnacl = VCnpnonfchar = VCn (tzf)

1 4
VCp (t) = VCpocl - __[tz ICp (tyit Whe re VCpocl = VCp (t27 )

C[’
Io0)= €, 076 0)
I l0)==C, -2V, (1)
ol

IBn/mf(m (l) = 1Cn (t) + Cp t) = IEn/m (t) - ILP (t) = IRS (Z) Where 1LP (l) = 1Crzpn (l)
Ve (Z)+ VCp (t) = VRb(t) = VBEp Z)_ Vgen (t) with VBEp (t) = _VEBp(t) >0
Velt)=Vis(0)+ Ve, (0)+ Vi, (0)

where Vggn.sat IS the voltage of the forward conducting B-E junction diode of the NPN
bipolar and lgnpn-on is the base current for the NPN bipolar working in saturation state.

Stage 3: ty<t<ts: (NPN storage time: q
VCnpnoft-chart VBEsatnpn<V (1) <V cnpnon-dischart VBEsatnpn With a(V(t)) <0)

The decreasing voltage V(t) across the filter capacitor C equals the

Vnpnon-dischart VBEsatnpn Value at t, instant. At this point the voltage on the capacitor
C,, starts to decline but the stored charges of the NPN bipolar base keep the NPN
conducting with a negative base current (extraction base current Ignpn_off) While the Gy
capacitor maintains its discharging phase. After the stored excess charges have
disappeared, the operating point of the NPN enters its active region and VcEenpn Voltage
begins to increase while the collector current Igpy, drops. Therefore, the collector
current lcppp fall time phase is included in this state until the NPN bipolar Q1 is
gradually soft switched on turn-off. In this stage, currents and voltages on the driving
network are represented by the information in Figure 11.
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Figure 11. Third stage: NPN storage phase
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According to the agreement of the previous image, the following equations are valid in the
driving section during the NPN storage time for t4<t<ts:

System of equations 4

-

V(t)= Velt)
VBEn (t) = VBEn—sat
Veen(t) 2 Voen-sa

1 o5
VCn (t) = VCnos1 - C Jt4 ICn (t)jt where VCnos1 = VCn (t4—)
n

1 t5
< VCp(t): Vepost _C_JM |Cp(t)d" where  Vgpogt = VCp(t4f)
P

o) =~Co = (Vo)
olt) =~Cy (Vo1

IBnpn—off(t) =lon (t) - ICp(t) =lp (t) - lEnpn(t) =ls (t) where |p (t) =lnpn (t)
Ven (t)+ Vep (1) = Vi (t) = Vagp (1) — Vagn(t) with Vagy(t) = —Veg,(t) > 0
Vo (t)= ~Vas(t)+ Von (t)+ Vaen(t)

where Ignpn.of i the extracting base current during the storage time of the NPN bipolar.
® Stage 4: tg<i<ts: (dead time after the NPN conduction phase:

o d
0<V(t)<Vcnpnof-chartVBEsatnpn With a(v(t)) <0)

At t5 instant, the load inductor current I p continues to decay and the resonant current
is commutated from the NPN bipolar Q1 to the snubber capacitor Cq that discharges.
As a result, the voltage on the common emitter node of the two switches decreases
linearly from the upper rail to the lower rail until the emitter voltage of the PNP transistor
Q2 begins to go negative with respect to the lower rail (ground reference) at tg and the
anti-parallel diode D2 of the PNP transistor starts to conduct beginning the next fifth
stage. At the end of this “dead time” stage, the voltage on the capacitor C,, is reduced
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to the minimum value whereas the voltage on the capacitor C,, keeps nearly constant.
The final instant t, from which the I, capacitor current changes polarity, marks the
change of the V(t) signal polarity and one-half of its period. In this stage, currents and
voltages on the driving network are represented by the information in Figure 12, in
which the charging/discharging effects of the reverse biased B-E junction capacitances,
respectively, for the NPN and PNP devices, are neglected and so it is possible to

approximate g (t) = loegn(t) and lgyn (t) = losc,lt) -

Figure 12. Fourth stage: dead time after NPN conduction phase
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According to the agreement of the previous image, the following equations are valid in the
driving section during the dead time after the NPN conduction phase for tg<t<tg:

System of equations 5

”

V(t) = Vo (t)

VCEn(t) > VCEn—sat
~Vaen(t) = Vegn(t) = (Voo —Vooan(t)— Vos(t)) > 0 = Vgg,(t) < 0
— Vegp ) = Viep (t) = Voscp () - Ves(t) > 0= Veg,(t) <0

1 6
VCn(t):VCnod1__C J;SICn(tbt where  Vinoar = Von(ts_)
n

1 (6
VCp(t) = VCpod1 _C_J.wle(t)jt where VCp0d1 = VCp(t5—)
p

< lnlt) = ~Cy (Ve 1)

dt

lolt) =~Cp - Vet

lrs(t) = locan(t) + ICBCp(t) = Ip(t) - Ies (t)
los )= ~Cs-2- (Vos )

Vn(t)+ Vep (1) = Vap (t) = Vagy (1) + Viga t)
Ve (t)= —Vis(t)+ Ven(t)- Vesa(t)
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where Iy, is the charging current of the NPN bipolar B-C junction capacitance and Iggcp
is the discharging current of the PNP bipolar C-B junction capacitance.

® Stage 5: tg<t<ty: (re-circulating phase before the PNP conduction time:

'VCpnpon-char 'VEBsatpnp< V(t)<0 with di(V(t)) <0 )
t

As done for the re-circulating phase before the NPN conduction time (tp<t<t,), this phase, in
which both Q1-Q2 switches are inactive, can be subdivided into a further two sub-phases
distinguished by the following:

—  First re-circulating phase before the PNP conduction time (tg<t<t;): both Q1-Q2
switches are turned off and the load inductor residual magnetization current I, p
circulates freely through the PNP transistor anti-parallel diode D2 and the directly
biased C-B junction of the PNP bipolar Q2. Voltage across the filter capacitor C
increases in the opposite polarity than the NPN turn-on phase and charges the
capacitor C, in series to the not yet forward biased base of the PNP, assuming the
same polarity of the relevant Vegonpnp, While the capacitor Cp, begins to decrease
its charge through the breakdown resistance R, In this re-circulating stage,

currents and voltages on the driving network are represented by the following
Figure 13.

Figure 13. Fifth stage: first re-circulating phase before the PNP conduction time
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According to the agreement of the previous image, the following equations are valid in the
driving section during the first re-circulating stage for tg<t<t;:
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System of equations 6

4 Y0=-i)
( ) VCBp(t)_VDZ(t)< VeBo-on Where VCBp(t) > Vegp-on and VDZ(t)> Vb2-on
)=

1 7
VCn( VCnor2a - C J;GICn(tht where VCnor2a = VCn(tG—)
n

1 7
< VCp(t) = VCpor2a +C_ .LG ICp(t)dt where VCporZa = VCp(tG—)
p

) =~C, - < (Veq 1)

ICp(t) = Cp : di(VCp(t))

logp(t) = o ()+|Cp() tp (1) =2 (t) = Ias (t)

Ven (t)+ VCp( t)= Vho(t) = VEBn( )- VEBp(t) with Veg,(t)=—Vag, (t)> 0

where Icgp and Vg, are, respectively, the current and voltage signal of the forward biased
C-B junction diode of the PNP bipolar. During this phase, in general, Vegy(t) is so that
0<VEgp(t)<Vegp-on for the PNP bipolar E-B junction diode but if it were Vegp(t)<0 the device
would work in reverse active region since it is Vgpy(t)>0. Therefore, in this last case,
currents and voltages on the driving network are depicted by the information in Figure 14

Figure 14. Fifth stage: first re-circulating phase before PNP conduction time with
PNP device working in reverse active region
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Then, the relations below between the current and voltage signals would be valid:

Equation 1

IBpnp(t) = ICpnp(t)_ IEpnp(t) = ICn (t) + ICp (t) = ILP(t)_ ID2(t) - IEpnp(t) = IRS(t)
Venlt) + Ve (t) = Vap(t) = Viegn(t) + VBEp(t)

with Veg, (t)= —Vige,(t)>0  and VBEp(t): —VEBp(t) >0

Neglecting the reverse recovery time of the anti-parallel diode D2, the subsequent phase is
given by the following reported second re-circulating phase before the PNP conduction time.

—  Second re-circulating phase before the PNP conduction time (t;<t<tg):

In this phase the PNP bipolar transistor acts as two uncoupled/independent diodes. In
fact, the external diode D2 is turned off and the PNP device continues to be inactive
but, contrary to the previous first re-circulating phase, both of its two E-B and C-B
junctions are forward biased in order to complete the residual demagnetization of the
L, inductor until the forcing re-circulating current I p that imposes the negative (coming
in) collector current, reaches the zero value at the end of this stage. Voltage across the
filter capacitor C continues to increase and charge the capacitor Cy, in series to the
forward biased PNP emitter-base junction whereas the capacitor C,, continues to
discharge through the breakdown resistance Ry,. When the inductive resonant current
reverses, after tg instant, it is transferred naturally as a positive (extractive) collector
current Igpnp to the PNP bipolar Q2 and the successive PNP conduction phase begins.
In this stage, currents and voltages on the driving network are depicted by the
information in Figure 15.

Figure 15. Fifth stage: second re-circulating phase before the PNP conduction time
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According to the agreement of the previous image, the following equations are valid in the
driving section during the second re-circulating stage for t,<t<tg:

System of equations 7

[ V(t)=-Ve(t)

Ve (t) = Vegp-on
VCBp (t) = VCBp—on and VCEp(t) = _VECp (t) <Vp2_on
1
VCn( ) VCnor2b C, J- ICn (t)jt where VCnor2b = VCn(t7—)

< \/Cp(t)= VCpor2b +C_ J;7 le(tbt where VCpor2b = VCp(t7—)

nlt) ==Cy 2 (Ven 1)
le(t) = Cp : %(VCp(t))

prnp (t) = ICn (t) + IC (t) ICpnp ( )+ IEpnp( ) = ILP(t)+ IEnpn (t) = IRS(t)
)= Ve (t) = Vegn(t)- Vegp (t) with Veg,(t) = —Vign(t) > 0

® Stage 6: tg<t<tio: (PNP conduction time: V(t)<-Vcpnpon-char-VEBsatpnp during
filter capacitor C charging phase for tg<t<tg with %(V(t))< 0 and

V(t)<-Vcpnpon-dischar-VEBsatpnp during filter capacitor C discharging phase for tg<t<t;g

with % y(1)> 0):
dt

From the tg instant V(t) voltage is lower than the -Vcpnpon-char-VEBsatpnp Value and
decreases reaching its minimum value at tg. PNP transistor Q2 turns on under zero voltage
switching and the current in the resonant load inductor increases in module. Capacitor C,
continues to be charged up by the source V(t), whereas capacitor C,, discharges through the
breakdown resistance Ry, At tg instant the voltage on filter capacitor C reaches its maximum
inverse (negative) value. After this time V(t) decreases negatively in module whereas the
capacitor Cp continues to charge until it reaches its maximum value and the capacitor C,, to
discharge maintaining a share of conduction current on the base Ig,, of the PNP bipolar Q2.
During this stage the base current Ig, of the PNP bipolar transistor is the sum of the currents
lcn and Igp in both capacitors. In this way, it is possible to consider the voltage signal V¢, as
a voltage source when the PNP device Q2 is conducting. In this stage, currents and
voltages on the driving network are represented by the information in Figure 16 and 17.
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Figure 16. Sixth stage: PNP conduction phase with filter capacitor charge
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Figure 17.

Sixth stage: PNP conduction phase with filter capacitor discharge
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According to the agreement of the previous images, the following equations are valid in the
driving section during the conduction stage of the NPN for tg<t<t:

System of equations 8

-

V(t)=-Ve(t)
VEBp(t) = Vegp—sat
Vece t)= VEcp—sat

1 ¢tio
VCn (t) = VCnoc2 - C -[te ICn (t)jt where VCnocZ = VCn (tB—)
n

1 10
< VCp(t): VCpocz +C_J;8|Cp(tht where VCpoc2 = VCpnpchar = VCp(ts—)
p

) =~Co - = (Ven(1)

plt) = Co (Vo 1)

l5pnp-on (t)=lon(t)+ lop (t)= |Epnp(t) ~Itp(t) = lrs(t) where Ip(t)= lcpnp ()
Ven(t)+ VCp(t) = Viy(t) = Vggn(t) - VEBp(t)With Viegn (t) =~ Veen(t) > 0
Ve (t)= Vas(t)+ Vop(t) + Vesp (t)

N

where Vggy.on, is the voltage of the forward conducting E-B junction diode of the PNP bipolar
and Igpnp-on is the base current with PNP bipolar working in saturation state.

® Stage 7: tyg<t<ty1: (PNP storage time: d
-Vepnpon-dischar-VEBsatpnp<V (1)<-V cpnpoft-charVEBsatpnp With E(V(t)) >0)

Voltage V(t) across the filter capacitor C decreases, in module, negatively up to equal the

-V cpnpon-dischar-VEBsatpnp Value at tyq instant. At this point the capacitor voltage C,, starts to
decline and the excess charges stored in the PNP device Q2 base keeps it conducting with
a negative base current (coming-in base current Igyn,_off) While the C,, capacitor maintains
its discharging phase. After the stored excess charges have disappeared the operating point
of the PNP enters its active region and the Vgcpnp Voltage begins to increase while the
collector current Igpn, falls down. Therefore, the collector current Igyn, fall time phase is
included in this state until the PNP bipolar Q2 is gradually soft-switched on turn-off. In this
stage, currents and voltages on the driving network are represented by the information in
Figure 18.
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Figure 18. Seventh stage: PNP storage phase
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Vel(t)=

~Vggl(t)+ Veplt)+ VEBp(t)
\

_VBEn(t) >0

Stage 8: t;1<t<t{o: (dead time after the PNP conduction phase

d
'VCpnpoﬁ char'VEBsatpnp <V(t)<0 with

a(v(t)) >0)
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rs(t) where 15(t) = ICpnp(t)

According to the agreement of the previous image, the following equations are valid in the
driving section during the PNP storage time for t{g<t<ty4

where |ggnp.-off IS the coming-in current during the storage time of the PNP bipolar

At t14 instant, the current | p in the load inductor has started to decay and the resonant
current is commutated from the PNP bipolar Q2 to the snubber capacitor C4 that charges
As a result, the voltage on the common emitter node of the two switches increases linearly
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from the lower rail to the upper rail until the emitter voltage of the NPN transistor Q1 begins
to go positive with respect to the higher rail at t15 and the anti-parallel diode D1 of the NPN
transistor Q1 begins to conduct, commencing again a new cycle starting from the first stage.
At the end of this stage, the voltage on the capacitor Cn is reduced to the minimum value
whereas the voltage on the capacitor C,, keeps nearly constant. The end of this 'dead time'
(instant t15), when the |, capacitor current changes polarity, marks the change of the V(t)
signal polarity and its complete evolution period. In this stage, currents and voltages on the
driving network are represented by the information in Figure 19 in which the
charging/discharging effects of the reverse biased B-E junction capacitances, respectively
for the PNP and NPN devices, are neglected and so is it possible to approximate

lnpn(t) = lecen(t) @A Igons ()= loacylt) -

Figure 19. Eighth stage: dead time phase after PNP conduction
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According to the agreement of the previous image, the following equations are valid in the
driving section during the dead time after the PNP conduction phase for t;{<t<ty2:

System of equations 10

[ 0=r.0)

VECp( )> Vecp—sat

_VBEn (t) VEBn (t ) (VDD VCCBn(t )_Vcs( ))> 0= VBEn( )< 0
Vs, (1) = BEp(t Vese,(1)=Ves (0)> 0= Vi (1) <0

12
VCn (t) VCnndZ _C_ :11 [Cn (t}]t Where VCm)dZ = VCn (tllf)

n

1 12
Ve, (t) =V Goar — __r I, (t)it where V.., =V, (tuf)

< 1,(0=-¢,-L(,0)

0=, L0
1(0--c, dt( 0)

()= Iccan() e (1) =11 (1) = 15 (0)
s (t)=Cs- ( s(0)
Ve (t) VC ( ) Vi (t ) BEp( )+ Vegn (t )

KV (t)= Vs () + Vg, () = Vg, ()

where lccpn is the discharging current of the NPN bipolar B-C junction capacitance and
lcecp is the charging current of the PNP bipolar C-B junction capacitance.

N~

RSt

N

+

The end of this stage represents the completion of one full conversion cycle and then the
process repeats returning to the original operational stage in the complementary direction
using the anti-parallel diode D1 before the NPN bipolar transistor Q1 conduction phase.

After the operating modes of the bipolar transistors on the switching converter section have
been identified, the corresponding Matlab models of the resonant driving network are
created as explained in the following.
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Driving network modeling

In order to simulate, in Matlab environment, the self-oscillating resonant network driving the
bases of the complementary pair of bipolars in the eight different steady-state working
operation phases, a possible method may be to combine, with each other, the circuital
equations describing the working conditions of the devices in each stage so as to obtain
only one (differential) equation in the specific state variable V¢, or V¢, For example, the
following circuital scheme can be taken as a reference to give a model of the NPN bipolar
during the conduction time in which the filter capacitor voltage is represented by an
independent voltage generator V.

Figure 20. Driving network modeling for the NPN bipolar conduction phase simulation
VDD
I
VR IBnpn-on |
(_\lRS

S
S

R
-
C%+
Vs
4
Al

Lre LIRb
Cp,
_Cp. _C“P )
IC * ICp
NG| A
VCp VCp

AMO09811v1

By combining, with each other, the circuital equations of the previous

System of equations 3, which describes the working conditions of the NPN bipolar during
the conduction time phase, it is possible to obtain the following second order linear
differential equation with constant coefficients on the state variable V¢, valid on the (t5,t4)
time interval:

Equation 2
m. 9 (v (1) +h-L Ve, ©) +K - Vigy (1) = Vs — Vg + 75 - (Vs ()= 75 -2 (Ve (1))
dt2 Cn dt Cn Cn S BEn B dt S B dt BEn
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in which:

System of equations 11

/‘
m=Rg-R,-C? with C=C,=C,
h=C-(2Rg +Ry)

J ke
TB = CRb
Veen = VBEn-on

Vs (t) = Ve _irer (1
\_

Two different conditions at the initial instant t,, respectively, one for the V¢, voltage signal
and the other for its function derivative, are needed to impose in order to obtain one, and
only one, solution of the Equation 2, therefore solving the following Cauchy problem:

System of equations 12

o
) ) V€)=V Vi 70 L0000 L 0,,0)

< Val)=7,
L) -

dt t=t2

As a consequence of the LC filtering action on the voltage signal at the output of the
secondary windings, Vs signal can be expressed, with a good approximation, as a
sinusoidal voltage generator having the below reported mathematical expression valid in the
entire time interval (ty, t15):
Equation 3

Vg(t) = A-sen(2rft) with ty<t<ty,

Then, imposing Vge,=Vpgesat=constant for the NPN device base-emitter junction during its

conduction phase (that is %(VBEn(t)) -0 ), itis possible to change the System of equations 12
into the form with w=2n=f:
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System of equations 13

[ d? h d k A V, A-
d?(VCn (t))+E’a(VCn (t))+EVCn(t)= H~sen(mt)—%+%m—m-cos(mt)
Ven(ta) =74

Therefore, the second order linear differential equation with constant coefficients on the
state variable V¢, takes the form of the physics law that rules the motion of a dumped
harmonic oscillator driven by an externally applied forcing signal given by the

superimposition of two independent sinusoidal generators ;. :%sen(mt) and

Ve = B .r':.m.cos(mt)- After having re-written this equation in the form:

Equation 4
d? d 2 Vo, 15 A0
prey (VCn (t)) + 280 - E(VCn (t)) +my” - Ven (t) =— sen((ot)— Tn + Tcos(mt)

in which it is fixed:

3>

System of equations 14

25(00:1:@: h __h
m 20om  2Jm-k

it is possible to obtain the general solution as the sum of a transient solution (associated
homogeneous equation solution or unforced equation) that depends on initial conditions,
and a steady-state solution (particular solution) that is independent by the initial conditions

but depends only on the amplitudes of the driving signals ( 2L and VBEn ), driving

frequency (w), undamped angular frequency (®g), and the damplng rat|o (€).

Steady-state solution is proportional to the driving forces with an induced phase
change of ¢ as follows:

Equation 5
. A tg-A-o vV,
VCn —steadystate(t) = |G(](’))| [H -se n(())t + ¢) +BT ’ COS((O’[ + ¢)j _(D(;—E-r:’n
where [G(jo) = 1 _ and §= £Gljo) = arctg[zw—moiJ are respectively
\/(20)003&)2 + (0)02 - (02) 0" —0g

module and phase of the frequency response function Gjo) -
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Resolving the polynomial characteristic of Equation 4, the following can be obtained:

Equation 6

22 4 280y ko + @p2 =0 = Ayp = —E0g £ (B0 f — 002

i 1 4.Rg% +Rg? imolvi
With A = (20 P — 002 = _ (h2—4mk): s T8 50 implying that A4 and A, are
4.m 4.Rg°-Rg°-C?

distinct real roots and then the particular solution is on the forms:

Equation 7
At Aot
VCn—transient (t) =Cy-€" +Cy-e"?
The general solution V¢, is the sum of steady-state solution Equation 5 and the transient
solution Equation 7 reported as follows:

Ven(t)= Ven_steadystate (1)+ Von_transiont (t) Valid on the (tz,ty) time interval in which
Vgen=constant for hypothesis.

In order to free the V,, signal calculation by the imposition of its derivative value at the initial
instant t, on the Cauchy problem resolution referred to in the System of equations 12, the
method used to simulate in Matlab environment the driving network, in each working phase
for the bipolar devices, is based on resolving a system of two first order linear differential
equations on the two state variables V¢, and V¢, combined with each other as explained in
the following. By simulating with the Matlab tool, the ODE45 solver algorithm has been used
for the resolution of the initial value problem concerning the system of ordinary differential
equations related to each operation phase of the opportunely modeled bipolars during the
steady-state working condition. The ODE45 function uses the syntax expressed by the
command:

[t,Y]= ode45 (odefun, tspan, y0, options)

Input arguments to the solver are listed as:

® odefun — Function, expressed with a Matlab function-file, that evaluates the right side
of the differential equations.

® tspan — Vector specifying the interval of integration (tg,t;). The solver imposes the initial
conditions at ty=tsy,,(1) and integrates from ty to t; =tgpan(end).

® y0 — Vector of initial conditions.

® options — Structure of optional parameters that change the default integration
properties.

Output arguments for the solver are the following:

® t— Column vector of time points.

® Y — Solution array. Each row in y corresponds to the solution at a time returned in the
corresponding row of t.

The solver integrates the system of differential equations y'=f(t,y) from time t; to t; with initial
conditions y0. Function f=odefun(t,y), for a scalar t and a column vector y, must return a
column vector f corresponding to f(t,y). Each row in the solution array Y corresponds to a
time returned in column vector T. The ODEA45 solves with default integration parameters
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replaced by property values specified in 'options', an argument created with the 'odeset’
function having the following syntax:

options = odeset (‘'RelTol',value1,'AbsTol',value2)

in which scalar relative error tolerance RelTol is set equal to 1e-5 (1e-3 by default) and the
vector of absolute error tolerance AbsTol is set equal to 1e-8 (all components are 1e-6 by
default).
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7 NPN conduction phase modeling

In order to adequately simulate the NPN conduction time phase through the Matlab tool, the
function solution V¢, of the System of equations 12 can be equivalently obtained, together
with V¢, function, resolving the following system of two first order linear differential
equations on the two state variables V¢, and V¢, valid on the [ty, t4] time interval with the
initial hypothesis of Vggp=constant and C=C,=Cy;

System of equations 15

/"
e ()t 1)y 1y, Vs Ve
dt Cn-npncon - C ’ RS + Rb * VCn-npncon — C~Rb * VCp-npncon + C-RS - C'RS
d 1 1

-< a(VCp—npnoon (t)) = _m' VCn—npncon - C—Rb ‘VCp—npncon

VCn—npncon (t2+) = VCn—npnric (t 2—)
VCp—npncon (t2+) = VCp—npnric (t 2—)

-

As seen, only two conditions, respectively, for the V¢, and Vcp voltages at the initial instant
t5, are needed to be imposed for the resolution of the System of equations 15. These two
initial

conditions VCn—npnric (tZ—) = VCn—npncon (t2+) and VCP*aniC (tZ*) = VCP*”P“COH (t2+ ) , are fixed

in order to guarantee the continuity for the V¢, and V¢, waveforms passing from the

re-circulating phase to the NPN bipolar conduction time phase, being Ve, _npnric (t2_) and
Vep-npnric (t2_) the values for V¢, and Vg, functions obtained at the re-circulating phase

final instant t,. After that, the two V¢, and V¢, functions have been obtained by resolving
the previous system, the NPN bipolar base current Igppn.on is directly given by the following
formula:

Equation 8
d d

IBnpn—on (t) = ICn—npnoon (t)+ ICp—npncon (t) =C- a (VCn—npncon (t)) -C a (VCp—npncon (t))
in which VCp_npncon(t) is a discharging voltage on the C,, capacitor (that is

d (vcp_npncon (t))< 0). After having determined, through the ODE45 simulator, in a rather large

dt

time interval (one half of the total working period), the V¢, and V¢, voltage functions that
resolve the System of equations 15, then a research of the maximum value for the Vg,
function was imposed in order to determinate the final instant of the NPN conduction time t,.

This NPN conduction time phase is preceded by the re-circulating phase which follows.
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Figure 21.

Modeling of re-circulating phase preliminary to the
NPN conduction time phase

The re-circulating phase before the NPN bipolar conduction time is modeled taking into
consideration the following circuital schemes in which the I p signal represents the
demagnetization current of the inductor Lp and Iggy, is the NPN device base-collector diode
junction forward biased current on the first re-circulating phase:

Driving network modeling for the simulation of the first re-circulating phase
preliminary to the NPN bipolar conduction time phase
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Figure 22. Driving network modeling for the simulation of the second re-circulating phase

preliminary to the NPN bipolar conduction time phase
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Equations of the two System of equations 1 and System of equations 2, describing the
working conditions of the NPN bipolar during the re-circulating phases before the NPN
bipolar conduction time, can be combined with each other in order to obtain the following
system of two first order linear differential equations valid on all the [t,t5] time interval with

C=Cy=Cy:

System of equations 16
/‘

d

dt

d 1 1

-< a(VCp—npnric(t)) == C. Rb 'VCn—npnric - ﬁ ’ VCp—npnric

1 1 |
(VCn—npnric (t)) = _C—R : VCn—npnric - C—R ’ VCp—npnric +%
"Mp “Mp

Ven-npnric (to) =y, (initial value fixed)
Vepnpnic (to) = 9 (initial value fixed)

<

where:

System of equations 17
|S1 = IRS = lLP _ID1 = lCn + ICp = lBCn for t0<t<t1,

lSZ :IRS :ILP +IE1 :lon +|Cp :an for t1<t<t2,

During the simulation phase, solutions for the V¢, and V¢, voltage functions have been
calculated with the ODE45 simulator in a time interval as large as the length of the I forcing

574

Doc ID 018840 Rev 1




AN3400
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signal opportunely modeled in order to take into consideration the effect of demagnetization
current for the inductor L,

Also in this case, for the NPN bipolar base current Ign, the formula below is valid during
the whole re-circulating phase preliminary to the NPN conduction time phase:

Equation 9

d

d
IBnpn (t) = ICn—npnric (t)+ ICp—npnric (t) =C- E(VCn—npnric (t))_ C

: a (VCp—npn ric (t ))

in which Vi, npnric () is @ discharging voltage on the C,, capacitor (that is

d

a (VCp—npnric (t)) <0 )
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NPN storage time phase modeling

During the NPN storage time phase the base-emitter voltage does not change from its
forward bias value ( Vgg,_on = Veen_sat ) dU€ to the excess minority carriers stored in the

base region. A negative base current starts removing this excess carrier at a rate
determined by the base driving network. NPN bipolar working condition during this phase is
modeled by the following circuital scheme in which Ryage-npn is an opportunely sized
variable resistor that takes into consideration the effect of the base resistance modulation
(increase) due to the removal of the excess carriers:

Figure 23. Driving network modeling for the NPN bipolar storage time phase simulation
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ICnpn VRs VCn VRbase |
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By combining, with each other, the equations of the System of equations 4, describing the
working conditions of the NPN bipolar during the NPN bipolar storage time phase, the
following system of two first order linear differential equations valid on all the [t4,t5] time
interval with C=C,=Cy:
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System of equations 18

/

d 1 Ry 1
=V t))=— 11+ -V -V +
dt ( Cn—npnsto( )) C. Rb { RS N RBase—npn ] Cn-npnsto C. Rb Cp-npnsto
+ VS _ VBEn
C: (RS + RBase—npn ) C- (RS + RBase—npn )

< o

1 1
a (VCp—npnsto (t)) == m ’ VCn—npnsto

—— Vg
p—npnsto

VCn—npnsto (t4+ ) = VCn—npncon (t4—)

VCp—npnsto (t4+ ) = VCp—npncon (t4— )
.

in which Vggp=constant, and for Rgase-npn(t) @n increasing variability law, of the following
type, is imposed:

Equation 10
RBase—npn (t) = a4 4" with 0<t< Arpn

where coefficients 0.1 and n (this last integer number) are determined so that Rgage-npn(t)
has a fixed and constant mean value Rgage-npn-mean during the NPN storage time period of
length equal to Anpn seconds:

Equation 11
1 Anpn RB& _ _ -A . (n + 1)
RBase—npn—mean = J RBase—npn (t)jt =0q= = me(a:]nﬂ) = =
Af"Pf" 0 Anpn
_ _ Rgase_non_mean - (N +1)
(by imposing Anpn = TStorage—npn =t5 —1t4) = = (ntpn mtea}
5~y

Maintaining constant the Tsorage-npn=ts — t4 time, with an increase of the function
RBase-npn(t) Order n, so also the base resistance modulation effect approximation changes
with a proportional increase of the negative peak of Ignpn off CUrrent increases, as the
following shows:

Figure 24. Variability of the extractive current negative peak Ignpn.off VErsus
variability of the integer n with storage time fixed

b

ts

intoger variable n
increasing

\ NPN STORAGE TIME

AMO09814v1

IYI Doc ID 018840 Rev 1 41/78




NPN storage time phase modeling AN3400

42/78

Therefore, it is important to fix correctly the two oy and n parameters in order to opportunely
model the transistor base resistance modulation effect during the storage time phase
simulation.

The following mathematical formula has been considered to make a connection among the
storage time duration and the base currents developing during the conduction and storage
time phases of the device (see References 3):

Equation 12
T inl1 IBnpn—on—average
storage-npn = Oppn "IN 1+ —————
|| Bnpn-off-average
In which:
Aon-n
—npn
L lBnpn-on-average = =———— with Agn.npn area subtended to the Ignpn_on Current curve
on—npn

during the T,,, conduction period;

A .
° = OIS PN with Agtorage-npn the module of the area

||Bnpn—off—average | T
storage —npn
(positive) subtended to the Igypn.oft current curve during the Tgiorage-npn Storage time
period;
® oy is a time constant directly connected to the lifetime of the minority carriers
(electrons) in the transistor base.

Constant Snpn €an be experimentally calculated, with a good approximation, supposing two
triangular areas subtended respectively to the lgnpn-on @and Ignpn.off CUrrent curves and, in
this case, Equation 12 assumes the following simplified form:

Equation 13

IBnpn—on—max Tstorage—npn
—————|=0Oppn =

Tstorage—npn =GCnpn " In| 1+

||Bnpn—oﬁ—max IBrpn-on-max

Inj1+
IBnpn—off—max

being Ignpn-on-max and ||Bnpn70ff7max| the maximum values of the conduction and extraction

(in module) currents. Consequently, the o,,,,, value can be mathematically and, in an
approximate manner, determined if the values of the Tgiorage-npn |Bnpn-on-max @nd
IBnpn-off-max @ssumed (measured) by the devices during the applicative steady-state working
conditions are well-known.

Substituting the definitions of the Ignpn.on-averages |Bnp-off-avarage @ onpn Parameter to
Equation 12, the following equation is obtained:
Equation 14
T ;
T 1 storage—npn

storage-npn = O npn “Inf 1+ ’
on-npn €npn
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in which the following is imposed:

Equation 15
A

storage—npn
Eppn = A
on-npn

with gnpn parameter depending on the recombination phenomenon of a share of the amount
of charges in base. Once the two parameters 6,5, and To.npn are fixed and well-known (the

latter parameter obtained from the simulation of the previous conduction period)
Equation 14 is used to define the function of two independent variables:

Equation 16

1 Tstorage-npn
Anj 1+ : genp

on—-npn €npn

=T

f(Tstorage—npn € npn) storage-npn ~ Cnpn

In order to determine the length of the time interval to set for the NPN storage time
simulation with the ODE45 simulator, the following procedure has been applied through the
Matlab tool:

e mdifferent &(i),,, values, increasing, equally-spaced out and included between a
MINIMUM &min_npn @Nd @ MaXiMum &pyay.npn Value, are fixed in base to the
recombination characteristics of the minority carriers in base of the bipolar examined,
that is:

Equation 17

&(hpn fori=1+m  with &y non < €)npn < Emax-npn
and also with:

Equation 18

8(j)npn # (] +1)npn for j=1+(m-1)

Equation 19

&(K)npn — €K — Dppn = £(k + Dy — €(K)ppy  fOr k= 2+ (M —1)

npn —

®  m zeros of the defined function f(Tgiorage-npns €npn) are evaluated with the Matlab tool for
each &(i)npn fixed:

Equation 20

f(T (i) =0 for i=1+m

storage—npn? 8(i)npn )

®  Tstorage-npn final value is obtained performing an arithmetical average operation among
all the T(i)storage-npn SO calculated:

Equation 21
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Setting the values emin-npns Emax-npn With the two parameters o5, and Ton.pnpn Well-known, a
realistic evaluation of the effective NPN device storage time can be obtained applying the
procedure of calculation previously explained.

After having found, with the ODE45 simulator, in the calculated time interval Tgorage-npn the
solutions of the System of equations 18 for the V¢, and V¢, voltage functions, then the NPN
bipolar base current Igppn.off is given by the following formula:

Equation 22

d

IBnpn—off (t) = ICn—npnsto (t)_ ICp—npnsto(t) =-C 'E(VCn—npnsto(t))J" C

d

’ a (VC p-npnsto (t))

in which both Vn_npnsto(t) @nd Vg npnsto(t) are discharging voltages respectively on the

Cn and C,, capacitors (that is %(VCn—npnsto(t)) <0 and %(VCpmpnsto(t))< 0).
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Modeling of the dead time after the NPN storage time
phase

During the phase concerning the dead time after the NPN storage time both complementary
pairs of bipolars are inactive and their B-C and B-E junctions are reverse biased. So, in
order to model this phase, the following circuital scheme in which the B-C and B-E junctions
are represented by the respective junction capacitances charging or discharging according
to the working condition, respectively, of the NPN and PNP device is considered.

Figure 25. Driving network modeling for the simulation of the dead time phase after the NPN
bipolar storage time phase
AM09815v1
VDD
VCCB ICCBn
VRs VCn VCEBn
|p (}n IBnpn - ICEBn
Rs < +én_

Rb§>

VRb ILP

IRb
N

Neglecting the currents Icegn and Icggp of the reverse biased B-E junction capacitances of
the two bipolars, the following conditions are obtained:

Equation 23
loesn-lesep = 0= lanpn =lccen L gy = Lepe, @Nd Ics =1ip
where:
d
® lccen = Coanpn ~a(VCCBn(t)) on the charge phase of the (variable) NPN base-collector

junction capacitance Ccgnpn;
d
® losc = _CBCpnp -E(VCBCp(t)) on the discharge phase of the (variable) PNP

collector-base junction capacitance Cgcpnp-

Then, imposing the previous assumptions, combining, with each other, the equations of the
System of equations 5, describing the working conditions of the NPN bipolar during this
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phase, the following system of two first order linear differential equations is valid on all the
[t5,t6] time interval with C=C,=Cy,:

System of equations 19

(
d 1(1 1 1 1 Ve Ve
E(VCn—npm]em] (t)): _E ’ (E R_bJ : VCn—npndcud - C . Rb : VCp—npndead + E : ]CBCp + C . RS + C . RS
d 1 1 1 1 1 V 14
—(V HN=—| ——— |V L 74 N - 8§ _ _ CEBn
< dt ( Cp—npndead( )) C (RS Rb J Cn—npndead C K Rb Cp—npndead C CCBn C . RS C . RS

VCn—npndmd (t5+ ): VCn—npm'tu (tS— )
V()pﬂzpndeud (t5+ ) = VC}anpnsrz) (t57)

-

in which Vggp= —Vcegn<0 and Vegy= —Vcgp<O0 is an opportunely modeled signal
complying with the following function:

Equation 24

lccen lcs
Vogg, = | =SB0 _1C8 | 4,
CEBn {CCBnpn Cs Y1

in which y4 is a constant depending on the initial value of the Vg, voltage at t=t5_. The
length of this dead time interval fixed for the simulation, in which the V¢, and V¢, voltage
functions are determined through the ODEA45 simulator, is imposed to be given by the
following formula in which Tynet0=ts—ts, Thpncon=ta—to and Tppnric=to—to:

Equation 25
Tnpndead = t6 _t5 = E_Tnpnsto _Tnpncon _Tnpnric

This last working operation phase described completes the resonant driving network
modeling with reference to the variation over a one-half period of the voltage signal V(s)
across the filter capacitor and in particular concerning the time intervals, in sequence,
shortly before (re-circulating phase), during (conduction phase) and afterwards (dead time)
the NPN bipolar device functional stage. In the second one-half period the voltage signal
V(s) has an opposite polarity compared to the first one and an analytical procedure similar
to the NPN device modeling technique is applied for the PNP bipolar device interested in
being simulated during its sequential working condition phases, as subsequently shown.
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Modeling of the re-circulating phase preliminary to
the PNP conduction time phase

The re-circulating phase before the PNP bipolar conduction time is modeled taking into
consideration the following circuital scheme in which | p signal represents the
demagnetization current of the inductor Lp and ICBp is the PNP device collector-base diode
junction forward biased current on the first re-circulating phase:

Figure 26. Driving network modeling for the simulation of the first re-circulating phase

preliminary to the PNP bipolar conduction time phase

AMO09816v1
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Figure 27. Driving network modeling for the simulation of the second re-circulating phase
preliminary to the PNP bipolar conduction time phase

AM09817v1

Equations in the System of equations 6 and System of equations 7, describing the working
conditions of the PNP bipolar during the re-circulating phase before the PNP bipolar
conduction time, can be combined, with each other, in order to obtain the following system
of two first order linear differential equations valid on all the [tg,tg] time interval with

C=C,=Cy
System of equations 20

/’
d
dt
d

‘< a (VCp—pnpric (t)) = _C-—Rb ’ VCnﬂanric _C-—Rb : VCp—pnpric + C

1 1
(VCn—pnpric (t)) == C—R ’ VCn—pnpric - C—R ’ VCp—pnpric
Mp “Mp

1 1 li
VCn—pnpric (t6+ ) = VCn—npndead (ts— )
VCp—pnpric (t 6+) = VCp—npndead (t6— )

—
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where:

System of equations 21

|S1 :IRS =lp —Ipp = ICn +|Cp = ICBp for t6<t<t7;

Is =
Isz :IRS :ILP +IE2 :ICn +|Cp = IBp fOI‘ t7<t<t8,

During the simulation phase, solutions for the V¢, and V¢, voltage functions have been
calculated with the ODE45 simulator in a time interval as large as the length of the forcing
signal Is opportunely modeled in order to take into consideration the effect of
demagnetization current for the inductor L,

For the PNP bipolar base current Igy,, the following formula reported is valid during the
whole re-circulating phase preliminary to the PNP conduction time:

Equation 26

d d
IBpnp (t) = ICn—pnpriL‘ (t)+ ICp—pnpric (t) =-C- E (VCn—pnpric (t))+ C- E (VCp—pnpric (t ))

in which Venonpric(t) is a discharging voltage on the C,, capacitor (that is %(chmpric (t)<0).
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12 PNP conduction phase modeling

The PNP conduction time phase is modeled taking into consideration the following circuital
scheme in which the VEBp voltage is constant:

Figure 28. Driving network modeling for the PNP bipolar conduction time phase simulation

VRs VCn VRs VCn
IRs/N Qn |R$q qn
Rs tenm Rs ‘e

P N -

Vs Vs
<‘ + Rb§‘>VRb <‘ + Rb§‘>VRb
IRb +__’>
P S T VEBp-on

s —Cp
L +

IC 1B I 4
p\_) pnp IC{-) IBpnp-on |
vCp VCp |

AMO09818v1

By combining, with each other, the circuital equations of the previous System of equations 8,
describing the working conditions of the PNP bipolar during the conduction time phase, the
following system of two first order linear differential equations is obtained valid on all the

[tg.,t10] time interval in which the signal Vg(t) = —A - sen(2=ft— =) has the polarity shown

in the previous figure and imposed C=C,=C,:

System of equations 22
/_d 1 1
E(VCn—pnpcon (t)) = _C'—Rb. VCn—pnpcon _C-—Rb. VCp—pnpcon

d 1 LI S Vs Vem
< b= o g [ R Y S G

Vquonpcon (t 8+ ) = VCn—pnpric (t 8- )

VCp—pnpcon (t8+ ) = VCp—pnpric (t 8- )

—
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After that the two V¢, and V¢, functions have been obtained by resolving the previous
system, the PNP bipolar base current Igyn,.on is directly given by the following formula:

Equation 27

d

o (VCn—panon (t))+ C %(VCP—PHPCO” (t))

IBpnp—on (t) = ICn—pnpcon (t)+ ICp—pnpcon (t) =-C d

in which Vn.pnpeon(t) 1S @ discharging voltage on the C,, capacitor

. d
(that is E(VCnfpnpcon (t)) <0).

After having determined, through the ODE45 simulator, in a rather large time interval (one
half of the total working period), the V¢, and V¢, voltage functions that resolve the

System of equations 22, a research of the maximum value for the V¢, function was imposed
in order to determinate the final instant of the PNP conduction time t4.
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13 PNP storage time phase modeling

During the PNP storage time phase the emitter-base voltage does not change from its
forward bias value (Vegp-on=VEBp-sat) due to the excess minority carriers stored in the base
region. A negative base current starts removing this excess carrier at a rate determined by
the base driving network. PNP bipolar working condition during this phase is modeled by the
following circuital scheme in which Rpase.pnp is @n opportunely sized variable resistor that
takes into consideration the effect of the base resistance modulation (increase) due to the

removal of the excess carriers:

Figure 29. Driving network modeling for the PNP bipolar storage time phase simulation
VRs vCn

VR VCn

(\ (\ (_\lRS (_}n

S
IR ICn
e G + H
Rs +Cn_ Rs Cn
v w
Vs Vs
<‘ + Rb§‘>VRb <‘ + Rb§‘>VRb
4 4 rYYY]_ 4 °
A\l 4 — -
IRb i?
h p—

Rbase-pnp

ICp\_) U IBpnp-off

VCp VRbase l

VEBp-on
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By combining, with each other, the equations of the System of equations 9, describing the
working conditions of the PNP bipolar during the PNP bipolar storage time phase, the
following system of two first order linear differential equations valid on all the [t(,t11] time

interval in which the signal
Vg(t) = -A - sen(2=ft—n) has the polarity shown in the previous figure and imposed

C=C,=Cy

System of equations 23

f"

d 1 1

E(VCn—pnpsto (t)) = _m : VCn—pnpsto _C-—Rb : VCp—pnpsto

d 1 1 b

—\V t)=——-—7—V - 1+ -V +
dt ( Cpkpnpsto( )) C. Rb Cn-pnpsto C. Rb ( RS +RBase—pnp ] Cp—pnpsto

< Vg Vegp

+ —
C- (RS +RBase—pnp) C- (RS + RBase—pnp)

VCn—pnpsto (t10+ ) = VCn—pnpcon (t1 0- )

VCp—pnpsto (t10+ ) = VCp—pnpcon (t10—)

N
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in which Vg, is a constant voltage and Rgase-pnp(t) is imposed to have the same increasing
variability law as the Rgase-npn(t) variable resistance:

Equation 28

=a, -t with 0<t<A

RBase—pnp(t) pnp

in which o, and p (this last integer number) coefficients are determined so that Rgase-pnp(t)
has a fixed and constant mean value Rpage pnp-mean during the PNP storage time period of
length equal to Ay, seconds:

Equation 29
1 Aprp RBase—_pnp-mean * Apn '(p + 1)
RBase—pnp—mean = A_ IO RBase—pnp(t)dt = Oy = PP (%)) P =
pnp Apnp

RBase—pnp—mean i (p + 1)
p
(ti1—tio)

Then, as already determined for the NPN storage time calculation, once the two parameters
Opnp (0r time constant directly connected to the lifetime of the minority carriers (holes) in the
transistor base) and Top.pnp (Obtained from the simulation of the previous PNP bipolar
conduction period) are fixed and well-known , a function of two independent variables is
defined for the calculation of the PNP storage time as follows:

(by imposing Apnp = TStorage—pnp =t1-to) =

Equation 30
1 T

_ ' storage-pnp

f(Tstorage—pnp!‘c'pnp) = Tstorage—pnp ~Spnp * Inj 1+ c

on-pnp pnp

in which &,,, parameter, depending on the recombination phenomenon of a share of the
amount of charges in base, is given by:

Equation 31

A storage—pnp

£ =
pnp
A on-pnp

Therefore, varying the parameter Epnp from a minimum to a maximum value, imposed in
base to the recombination characteristics of the minority carriers in base of the bipolar
examined, the value Tgiorage-pnp, that determines the storage time final instant t{4, can be
obtained_finding the zeroes of the functions f(Tstorage-pnp, €pnp) for ea_ch fixed epnp value and
effectuating a mean operation among the Tgigrage-pnp Values so obtained.

After having found, with the ODE45 simulator, in the calculated time interval Tgtorage-pnps the
solutions of the System of equations 23 for the V¢, and V¢, voltage functions, then the NPN
bipolar base current IBpnp-off is given by the following formula:

Equation 32
d

d
IBpnp—off (t) = ICp—pnpsto (t) - ICn—pnpsto (t) =-C- a(vCp—pnpsto (t)) +C- a(an—pnpsto (t))
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in which both Vg pnpsto(t) @nd Vep pnpsto(t) are discharging voltages respectively on the C,,

. : d
and C,, capacitors (that is %(VCWpnpsto (t)<0 and a(VCH”Iosto ()<0).
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Modeling of the dead time after the PNP storage time
phase

During the phase concerning the dead time after the PNP storage time both complementary
pairs of bipolars are already inactive and their B-C and B-E junctions are reverse biased. So,
in order to model this phase, the following circuital scheme in which the B-C and B-E
junctions are represented by the respective junction capacitances charging or discharging
according to working condition respectively of the PNP and NPN device, is considered.

Figure 30. Driving network modeling for the simulation of the dead time after the PNP storage
time phase
vDD
VDD
o VCCB ICCBn
&
\\0/\:} (VBS\ (V(:n\ VCEBn
VRs VCn y A
ICCB + IRs ICn IBnpn ICEBn
(-\IRS qn IBnpnn _ 4 +“_< g . IH
——¢— —{ a1 Rs | Ten -+
Rs Y +Cn_ ICEB! " - f
n +
vs Rb < +
+ %
VRb
—_— ILP
) e < ¢ -
A S L -
T IRb
IRb Q’@Q ICs P S A 4
P S &-f P
-
= cp
IcBER X _Cpy
s | Ic
| 2__x
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Neglecting the currents Icegn and Icggp of the reverse biased B-E junction capacitances of
the two bipolars, the following conditions are obtained:

Equation 33

Icenslceep =0 = lgapn =lccan »lpnp =lcacp @nd Ieos =lp
where:
® Igosn =—Coeanpn -%(VCCBn(t)) on the discharge phase of the (variable) NPN

base-collector junction capacitance Ccgnpn;

d

® lcocp = Crcpnp ~a(VCBCp (t)) on the charge phase of the (variable) PNP collector-base

junction capacitance Cgcpnp.
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Then, after having imposed the previously listed assumptions, combining, with each other,
the equations of the System of equations 10, describing the working conditions of the PNP
bipolar during this phase, the following system of two first order linear differential equations
has validity on all the [t;1,t15] time interval in which the signal V4(t) = -A - sen(2nft-n)
has

the polarity shown on the previous figure and imposed C=C,=Cy,:

System of equations 24

K
d 1 1 1 1 1 VS VCBEp
E (VCn—[’npdead(t )) = _C~—Rb : VCn—[’npdead + E : (E - R_bJ : VCp—pnpdead - E I CBCp — C—RS - C- R,

d 1 1 (1 1 1 Vs Vesrp
< Z(V@—pnpdead ()= TR, Vr ppiead = (E+ R—b] Vepmpicad + 75 Leamn + r +T&

VG'[ —pnpdead (tl 1+) = VCnfpnpsta (tl 1- )

VCp—pnpdead (tl 1+ ) = VCp—pnpsm (tl 1- )

N

in which Vggn= —Vcggn<0 and Vegp= —Vcggp<0 is an opportunely modeled signal
complying with the following function:

Equation 34

lcac I
Vv = P _CS | ¢4+
CBEp (C - Cs Vo

in which 5 is a constant depending on the initial value of the Vcggp, voltage at t=ty4..

The length of this dead time interval fixed for the simulation, in which the V¢, and V¢,
voltage functions are determined through the ODE45 simulator, is imposed to be given by
the following formula in which Tynp6t0=t11-t10, Tpnpcon=t10-tg @and Tpnpric=tg-ts:

Equation 35

1
Tpnpdead = t12 - t11 = ? - Tpnpsto - Tpnpcon - Tpnpric - Tnpndead - Tnpnsto - Tnpncon - Tnpnric

This last working operation phase described completes the resonant driving network
modeling with reference to the variation over the whole period of the voltage signal V(s)
across the filter capacitor and covering the time intervals, relating to the re-circulating,
conduction and dead time phases for both NPN and PNP bipolar devices in their functional
stages.

The accuracy of the modeling technique proposed is verified by comparing the simulation
results obtained using the Matlab tool with experimental results of the driving network
circuital implementation response in steady-state working condition for the bipolar devices.
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15.1

Experimental results

Two commercially available power bipolar junction transistors, that find application in
electronic lamp ballasts, were chosen for the experimental acquisition on the board tested.

In particular, a complementary pair of ST power bipolar transistors, the NPN device
STX83003 and PNP device STX93003 (in TO-92 package), respectively, were employed on
the common emitter half bridge section to supply a 15 W CFL board in order to verify their
compatibility on the resonant driving circuit solution. Values of the components used on the
half bridge voltage fed topology optimized board setting and the main datasheet electrical
specifications of the above mentioned devices are the following.

Applicative parameters

® Setting of the driving network components (see Figure 1):
- D4,D,,D4,D, =1N4007 ;D5,Dg = BA159
- C,=4.7uF/400V ;C, =47nF/100V;C4 =C, =100nF ; C; =1.2nF
— Gz =4.7nF/630V ;C, =Cg =100nF /250V
- Riwe =8.2Q;R, =8.2Q;R; = 330kQ ; R, = 330Q; R = 470kQ
- Ly=100wH
-  T1A=2.3mH;N;g =3 tums.

® Power bipolar transistors specifications:

— Q1 — High voltage fast-switching NPN power bipolar transistor STX83003 in
TO-92 package with Ic=1 A, BV¢,=400 V and BV ,s=700 V;

VCESAT=1 V@|C=350 maA, |B=50 mA and hFE =25 (TYP) @ |C= 350 mA and
Vee=5 V.

— Q2 — High voltage fast-switching PNP power bipolar transistor STX93003 in
TO-92 package with Ig=-1 A, BV¢,=-400 V and BV g= -500 V;
VCESAT='500 mV @ |C= -350 mA, IB =-50 mA and
hpe =25 (TYP) @ Ic=-350 mA and Vgg=-5 V.

An evaluation of switching performances of the devices during the normal working operation
was made in “open board” (at 25 °C ambient temperature) conditions with 230 V input
voltage values and 50 Hz frequency. In particular, the following images depict the
functionality of the high side NPN bipolar transistor in steady-state operation.
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Figure 31. STX83003 (NPN) bipolar transistor during steady-state operation with
230 V input voltage: base current (Ig4), collector current (I¢1),
base-emitter voltage (Vgg1) and collector-emitter voltage (Vcg1) signals
acquired

E1 — ! ., LeCroy
ol i e 157& i ')( .
vy —A N =D PRy
/ NPl : \
oA \ oL = n \ 7 !
A !
Measure P1:max{C1) F2max{C2) P;k:max(CBJ Fd:maxiC4) PafregqiC1) PE:---
value 3282 mA 3300 145.8 mA 1.08Y 453420148 kHz
status v v v ' A

Figure 32. STX83003 (NPN) bipolar transistor during steady-state operation with
230 V input voltage: base current (Ig4), collector current (Ic1), voltage on
base series capacitor C,, (Vcy) and voltage on base series capacitor C,
(Vcp) signals acquired
e S P balra
o PRI - U A e N B A
S ! S TS la
P e Chl T e o
s - e e e LD
T
& ; | -
SN 1 A / i
! b k¥
Measure P1maniC1y P2:max{C Pél:max(03) P4:max(C4) PafreqiC1) PE---
value 3332 mA 6.29% 152.4 mA B.27Y 45826778 kHz
status v v o 4
base 1]
100 mASdiv i)
-200.00 mA| 25
¥1= -13.3638 ps
-6.95 mA
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Figure 33. STX83003 (NPN) bipolar transistor during steady-state operation with
230 V input voltage: base current (Ig4), collector current (Ic1), voltage on
filter capacitor C2 (V¢) and voltage on driving resistance R2 (Vgg) signals
acquired

LeCroy

s Y i

T

o
1 [ S I ey
I W/ . /
AV \J
&

Measure P1:maxiC1) PZ:max{C2) P3:maxiC3) Pd:rmax{C4) P&:freqiC1) PE:---
value 34001 mA TESY 1429 mA 163V 45545914 kHz

status v 'y v ' A

W= -B.4824pus

Figure 34. STX83003 (NPN) bipolar transistor during steady-state operation with
230 V input voltage: base current (Ig4), collector current (Ic1), voltage on
base series capacitor C3 (V¢cy) and voltage on breakdown resistance R4
(Vren) signals acquired

! LeCroy|"
B P P Y e
e R
c3 T'_ %
Jxi=/k] /
i X Ty
1 e \4!#-—" s S "?ém_-.—-""[—'
W ! W
&
Measure P1:maxiC1) PZ:max(C2) P3:maxiC3) FPd:max(C4) Pafreq(c1) PE&---
value 3328 mA B.35Y 1424 mA -3TIY 45787417 kHz
status W ' W "
1= -3.0052

As previously seen, experimental waveforms acquired on the 15 W CFL optimized setting
board show a close similarity with the theoretical waveforms discussed during the
description of the self-oscillating operation principle (see Figure 2, 3, 4, 5 and 6). Images
related to the steady-state situation (Figure 31-32-33 and 34) show basically a regular
behavior of half bridge section NPN bipolar transistor during the open board normal working
operation at 230 Vac without highlighting any critical electrical condition that could cause
bipolar case overheating phenomena.

In the following images, switching particulars during turn-on and turn-off transients
respectively for both NPN and PNP bipolar transistors are reported in open board
steady-state working operation with V5, equal to 230 V.
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Figure 35. STX83003 (NPN) bipolar transistor during turn-on particular in
steady-state operation with 230 V input voltage: base current (Ig4),
collector current (Ic1) and collector-emitter voltage (Vcg1) signals

acquired
LeCroy
161 o -—--.M
=t —
Ty ...--""""'""""
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c2 \\ //
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F
Measure P1:maxiC1) P2:maxiC2) P3:maxiC3) P4:--- P5:--- PE:---
value 306.4 mA 3302V 138.5 mA
status v v v
] " o=
- a00ks A

Figure 36. STX83003 (NPN) bipolar transistor during turn-off particular in
steady-state operation with 230 V input voltage: base current (Ig4),
collector current (Ic1) and collector-emitter voltage (Vcgq) signals

acquired
TP S—— LaCroy.
i . Vel -
et oo, B \jw"" ;,/l
vd
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C2 ™
Measure P1max(C1) P2:max(C2) P3:max(C3) P4:--- P&--- P&:---
value 3318 mA 3308 9.4 mA
status v v v
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Figure 37. STX93003 (PNP) bipolar transistor during turn-on particular in
steady-state operation with 230 V input voltage: base current (Ig,),
collector current (Ico) and emitter-collector voltage (Vcg»,) signals
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LeCroy|
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WCE2 -
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cz N
i
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status v % v
Mortnale -
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Figure 38. STX93003 (PNP) bipolar transistor during turn-off particular in
steady-state operation with 230 V input voltage: base current (Ig,),
collector current (Ico) and emitter-collector voltage (Vcg») signals

acquired

______ oo s
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WEED l f/
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Measure P1:max{C1) P2:max{C2) P3:max{C3) P4:--- P& -- PE&:---
value 3184 mA 3322 17.5mA
status v v v

As can be seen when observing the previous waveforms, ST transistors fit this application
very well in terms of switching characteristics and power dissipation. In fact, no thermal
problems due to a bad driving or behavior of the devices were found for the two bipolars
under test in normal working conditions. Switching during the turn-off times is good as the
cross-over points Ic-Vce are acceptably low (within around 25 mA-25 V values at 230 Vac)
and, consequently, the amounts of energy dissipated by the bipolars (proportional to the
areas subtended to the Ic-Vce signals) are quite limited. Also measurements performed in
“closed board” conditions point to a satisfactory functionality for the two complementary ST
bipolars with case temperatures reaching values of around 64 °C-68 °C and working
frequencies of around 46 kHz while the absorbed input power (Pin) is fixed at around 15 W
at 230 Vac main voltage.
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Simulation results with the Matlab tool

In order to evaluate the reliability of the modeling method described and relating to a
complementary pair solution of bipolar transistors driven by a resonant network, results of
the simulative analysis, implemented with the Matlab tool, have been compared with the
applicative results obtained while testing the 15 W CFL optimized board. Therefore, the
following listed conditions and assumptions have been imposed so as to perform the
comparison.

Simulative parameters

® Forcing signal generator:

Vs(t)= A - sen(2nft) with A =7.65V and freq=f=45kHz for 0 <t <}
® Cap=C=C,=C, =100nF;Cg =1.2nF;Rg =8.2Q;R, =330Q
Re-circulating phase preliminary to the NPN bipolar conduction time phase
(to<t<t2)
®  Vormmiclto)=70=1V, Voo romic(to) = 9o = 3.9V (initial values fixed)

Vien _—VBE£—°" =0.5V

® Signal Ig modeled in the re-circulating interval to<t<t, with Ticn=to—tg=2.35 psec as:

System of equations 25

t .
KISI(z)= 1—exp[——]+ﬂl for t, <t<t,witha,, 8, > 0and ¢, = 55%(t, — t,)

a,

t :
L(t)=< Isz(t):—1+exp(—a—J+ﬂ2 for ¢, <t <t, with a,, 8, >0 and t, = 60%(t, — t,)

2

I(t)==y,-t+ B, for t,<t<t, with y,,3 >0
—
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Figure 39. Current source signal Is modeling for the simulation on the re-circulating
phase before the NPN conduction phase

"\

Is2 ((a)

Isa(tp)

Is1(to)

to ta tp t2

AMO09829v1

NPN conduction time phase (t,<t<t,)
® Vg, =1

NPN storage time phase (t;<t<ts)

® Vg, =1

® Applicative analysis provides the following results:

1 1
Tsteadystate—period—applicaﬁve = ? = 45000 = Tstorage—applicative =11% 'Tsteadystate—period—applicative

—011——~2.44.10Cs =2.44us
45000

- =150 -10"°A and |lg,pn_off max| = 55-10"°A

IBnpn—on—max
SO onpn is experimentally calculated by the Equation 13 as:

Equation 36

2.44.107° _
= ~1.8-10 % sec

(e}
nen 150.1073
Inf1+ >0 = -
55.10

I:{Bas:e—npn—mean ’ (n + 1) and R

A F{Base—npn ) =ay " with O = Base—npn-mean — 20 ,n=3

(Tstorage—applicative )1
® &)y fori=1=m with g non < &)npn < Emax_npn With:
- m =100

€min_npn = 0.15 and &5 o, =0.25
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Dead time after the NPN storage time phase (t5<t<tg)
® Applicative analysis result provides lcnpn-max=330 mA
I I

V, =|—CCBn__ S |4y, with:

) CEBI V4
" (CCBnpn CS

- lcacp=lccen=10 mA

- los = lcnpn-max - 0.8 = 330mA - 0.8 = 264mA

—  Ccpapn =45pF (meant as average capacity value)

-  ¥4=05

Re-circulating phase preliminary to the PNP bipolar conduction time phase
(t6<t<t8)

VE Bp-on

o =0.4V

VEBp =

® Signal Ig modeled in the re-circulating interval tg<t<tg as already done for the
re-circulating interval to<t<t, with Tocp=tg—tg=2.35 psec.

PNP conduction time phase (tg<t<t,q)
[ J VEBp=O'8 \Y

PNP storage time phase (t;o<t<t{{)
[ J VEBp=O'8 \Y

®  Gppn=Cpnp
®  Rpase-npn()=Rease-pnp(t)

® () fori=1+m with e pny < €i)onp < Emax—pnp With:

- m=100
€min-pnp=0-15 and &may pnp=0.25

Dead time after the PNP storage time phase (t{<t<t;5)

® Applicative analysis result provides lcpnp-max=330 mA

lcsc I i
Voge, = | =28 _os | 4\, with
CBEp [CBCpnp Cs Vo

- lcacp=lccen=10 mA
= los =lcpnp-max 0.8 =330MA - 0.8 = 264mA
—  Cpcpnp = 45pF (meant as average capacity value)

—  ¥,=05
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Simulation results with the Matlab tool

In the following images, the code developed with Matlab software and implementing the

calculation for the resolution of the systems of differential equations that rule each working
phase for the devices of the complementary pair in one period, is detailed having imposed
the conditions reported below:

Equation 37

<
Il
|

R

1J ,
—|ic=a|l+ ———"———1|;
Rb RS + RB(ZSE*IW" (t)

1

e .
C- RS OF (RS + RBaxe—npn (t))

Figure 40. Re-circulating phase preliminary to the NPN conduction time phase

DRIVING NETWORK: EQUATIONS and CONDITIONS

dt
2,

= (I/Cnfnpmic (t ))= a- VCnfnpnn‘c ta-

p-npnric (t ))= a-v, ——l

VCn-npmc (to ): Yo
VCp—npnric (t 0 )= By

CODE: DEVELOPMENT and IMPLEMENTATION

function Diff NPN_REC=N

a=. k= ls= -
>\! iff NPN_REC=[a*Xnr(1)+a*Xnr(2)+k*s; >
a*Xnr(1)+a*Xnr(2)];

return

INITIAL CONDITIONS

[tnr, Xnr]=ode45(@]
length Xnr=length(Xnr(:, 15); <
tnr_def=linspace(0,Trecn,100000); =
diff Xnrn=diff(Xnr(:,1))./diff(tnr);
diff Xnrp=diff(Xnr(:,2))./diff(tnr);
current Xnrn=Cap*diff Xnrn;
current_ =-Cap*diff Xnrp;
astvalue_Xnrn=Xnr(length Xnr,1);

S0, T Qo])options);
ECHO, \ficn] 1' ions)

~
~—— -

b o e

astvalue Xnrp=Xnr(length Xnr,2);
recn_time=Trecn;
Vs_recn=A*sin(2*pi*freq*tnr_def);
plot(2,2,1),plot(tnr,Xnr(:,1),'b");hold on
subplot(2,2,1),plot(tnr,Xnr(:,2),'r');hold on
‘suhw,plot(tnr_def,Vs_recn,‘g');hold
1

Vatage [V]
— B e b ow b

&

Vep..

A 4

INITIAL CONDITIONS
FOR NPN CONDUCTION PHASE

AMO09830v1
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AN3400

Figure 41.

NPN conduction time phase

DRIVING NETWORK: EQUATIONS and CONDITIONS

CODE: DEVELOPMENT and IMPLEMENTATION

a-v,

Cp—npncon

d
Z (Vc‘n-npncon @) =b- [ —

L o=@V e+,

Cp-npncon

VCn—npnch (t 2+ )= VCn—npnriE (t s )

VCp—npnmn (t2+ ) = VCp—npnn'c (tz- )

[\

Vsn)

<\a*YHCQ1+a*YHC(2)]

b_

Diff NPN_CON=[b*Ync(1)+a*Ync(2)+h*(A*sin(2*pi*freq*t+delay_nc*2*pi*freq)-Vben);|

return

INITIAL CONDITIONS I

Conduction Time calculation

,

d

delay conn=recn_time;
Teonn=( 1/(2*freq) delay ;:cmn.L

Y
t'nc2n: ind_ maX_Y ne2n); ‘)
tnc_def=linspace(0,conn_time,100000);
length_Ync2=length(Ync2(:,1));
diff_Yne2n=diff(Ync2(:,1)). /diff(tnc2);
diff_Ync2p=diff(Ync2(:,2)). /diff(tnc2);
current Ync2n—Capf'd1ff Yne2n;
current =

astvalue_YmZn:YncZ(length_YncZ, B

current_Xnrn(Tength_

current_Xnrp(length_Xnr)=current_Ync2p(1);
basecurrentn_rec=current_Xnrn+current_Xnrp;
Vs, corm—A*sm(Z* pi*freq* tnc_def+delay_conn*2* pi* freq);

subplot(Z 2 1), plot(tnc2+delay cormYncZ( 2),‘r'), hold on
ubplot| ]
ubplot(2,
su

3
M@Zﬁm

A 4

astvalueﬁXnm lastvalue_XnrpJ;gptions,delay conn);

*

c2p;

tvalue_Ync2p=Ync2(length_Ync
nr)=current_Ync2n(1);

22,1),

plot(tnc_def+delay._ connVs conn,'g");hol

0t(2,2,3),plot(tnr,current Xnrn,'b");hold on
;he

Base Curent

VW Capacitor Curent W Capacitor Votage

Current [A]

\

Vs

Current [A]
{

3
sl 10* tls]

y

INITIAL CONDITIONS

@ the NPN Conduc@

FOR NPN STORAGE TIME PHASE
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66/78

Doc ID 018840 Rev 1




AN3400 Simulation results with the Matlab tool

Figure 42. NPN storage time phase

DRIVING NETWORK: EQUATIONS and CONDITIONS ‘ ‘ CODE: DEVELOPMENT and IMPLEMENTATION

d
E (Vz:n—npn:m (t ))= ¢ VCn—npn:m +a- VCp—npmm +2- (Vs —Ve,

2,

P

function Diff NPN_STO1=NP}
$=2; u=(4*5)/((2.5%0.000001)3); Rba:
se=..pz=....Vben=. ;A= freq=__

DI NPN_STO I—[c*Zns(1)+a*Zns(2)+ 2+(A *sin(2*pi*freq*t+delay_ns*2*pi*freq)-Vbems]
L eyl A

return

nsy

iR3);

—npnsto (t ))= a- VCn—npn:m ta- VCp—npm‘m

VCn—npmm (t4+ ): VCn—npncon (t 4-
npnsto (t 4+ )

(o3 Cp-npncon (t4 )

function Diff NPN_STO2=NBR
5=2; u=(4*s)/((storagetimenpn)”3);
a=...;c=...;7z=...;Vben=...; A=

1

1

1

1

1

1

1

1

1

1

1

; 1

. . < 1

< DiffiNPNisTOZ:[c*Zns(1)+a*Zns(2)+z*(A*sin(Z"‘pi*freq*t+delay7ns*2mb

]

1

1

1

1

1

1

1

1

1

1

a*Zns(1)+a*Zns(2)];

Currents before the NPN Storage Time

Gapacitor Curent

.
o2 \\
len
o8
06
oo
002
Icp

PR
| —¥ o o

return

INITIAL CONDITIONS |

*

delay_ston=conn_time+delay_conn;

Tston=(1/(2*freq)-delay_ston); __
[tns1,Zns1]=ode45(@N] TOL‘MLIslon], astvalue_Ync2n lastvalue_Ync2p],options,delay_ston);

length_ZnslI=length(Zns
diff ZnsIn=diff(Zns1(:,1))./diff(tns1); S~
diff Znsl1p=diffi(Zns1(:,2))./diff(tns]);
current_Zns1n=Cap*diff Znsln;
current_Zns1p=-Cap*diff Znslp;
current_Znsln(length Znsl
current_ZnsIp(length_Zns B
basecurrentn_stol=current Znsln+current t Znslp;
poleur_Znsl=polyfit(tns1,basecurrentn_sto1(:,1),20);
interpcur_Znsl=polyval(polcur_Znsl,tns1);
rootpolcur_Znsl=roots(polcur_Znsl);
for k=1:size(rootpolcur_Zns1,1)
imrootpolcur_Zns1=imag(rootpolcur_Zns1(k));
if imrootpolcur_Zns1==0
rerootpoleur_Zns1(k)=rootpolcur_Zns1(k);

Curent 4]

Base Cunent

1Bn Ratio between the amount of charge
provided in the base during the storage
time and the amount of charge during

the turn-on time

Curent 4]

end
} v IBp end
— T 2 7 5 G posrerootpolcur_ZnsI=find(rerootpolcur_Zns1>0);
el x10® for z=1:size(posrerootpolcur_Znsl,1)
minposr poleur_Zns1=min( polcur_Zns1(p polcur Znsl));
Capacitor Yoltage end

Time constant directly connected to the lifetime of the

minority carriers in the transistor base
costn= 1/(max tnc+minposrerootpolcur_ZnsT);

max_tnc=max(tnc2);

P func_zeroston=@(xvarn.yvarn) xvarn-(lifetimen*(log(costn*(xvarn/yvarn)+1)));

- e Ipercent=linspace(0.15.0.25.100): %

3= A . Vcp for j=1:length(percent)

= 2 // e [xvaln(j),yvaln(j)] = fzero(@(xdump) func_zeroston(xdump,percent(j)).2.5/1000000, 1 e-8);

end
oragetimen=mean(xvaln)

storagetimeffn=storagetimen+minposrerootpolcur_Znsl;

Storage Time calculation

o
ey
e

L

[tns2,Zns2]=o0de45(@N I\*STOZ,[O storagetimeffn],[lastvalue_ Ync2¥\ lastvalue_Ync2p],options,delay_ston,storagetimen);
length_Zns2=length(Zns2(:

);

tns2_def=linspace(0, storagehmeffn 100000);
diff_Zns2n=diff(Zns2(;,1)). /diff(tns2);
diff_Zns2p=diff(Zns2(:,2)). /diff(tns2);
current_Zns2n=Cap*diff_Zns2n;

current_Zns2p=-Cap*diff_Zns2p;
<ms%\mm,\
current_Ync2n(length_Ync2)=current_Zns2n(1);
current_Ync2p(length_Ync2)=current_Zns2p(1);
basecurrentn_con=current_Y nc2n+current_Ync2p;
ston_time=storagetimeffn;
Vs_ston=A*sin(2* pi*freq*tns2_def+delay_ston*2* pi*freq);

subplot(2,2,1),plot(tns2+delay_ston,Zns2(:,1),'b");hold on \ 4
subplot(Z 2 1) plot(t52+delay_ston Zns2(:,2),'r"); holion INITIAL CONDITIONS
— | = FOR NPN DEAD
0t(tnc2+delay conn,current. Ync2n, [IMERHASE

/P!
Hnlmlot(tnc2+delay_conn, current_Ync2p,'r');hold on

AMO09832v1
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Figure 43. Dead time phase after the NPN storage time phase

DRIVING NETWORK: EQUATIONS and CONDITIONS

CODE: DEVELOPMENT and IMPLEMENTATION

return

< lef NPN DEAD [b*Qnd(1)+a*Qnd(2)+k*chcp+h*(A*5m(2*pl*freq*t+delay nd*2*p1*freq)+Vcebn),:>
— g*Qnd(1)+a*Qnd(2)-k*Iccbn-h*(A*sin(2*pi*freq*t+delay nd*2*pi*freq)+Vcebn)]y

s Icbep =..; Iechn=

d
E(Vc pnde ‘(t))zb'VC

pndead TV

pndead T8 Lepey 1V +Vegg,)

2,

pnd 4(’)):g'Vc

prdead T OV cpnpniead = L

h (V +VCEBn)

CCBn

p—npi

Cn—npndead (t s+ )= | 72— (t s ,)

Cp-npndead (t 5+ )= VCp—npmlo (t 5- )

l INITIAL CONDITIONS |

Dead time calculation

< astvalue_Qndn=Qnd(length_Qnd,T);

rsubplot(2,2,1),plot(tnd+delay _dean,Qnd(:,T),'6");hold on
< subplot(2,2,1),plot(tnd+delay_dean,Qnd(:,2),'r'); hold on

P
<§ubp ot(2,2.3).plot(tns2+delay_ston,-current Zns2n.'r');

delay dean=ston_time+delay ston;

tndidef linspace(0, Tdean 100000);
diff Qndn=diff(Qnd(:,1))./diff(tnd);
diff Qndp=diff(Qnd(:,2))./diff(tnd);
current_Qndn=Cap*diff Qndn;
current_Qndp=-Cap*diff Qndp;

S=a
-
-
-
-
-
-
-
-
-
-
-
-

-

lastvalue_Qndp=Qnd(length_Qnd,2):
current_Zns2n(length_Zns2)=current_Qndn(1);
current_Zns2p(length Zns2)=current_Qndp(1);
basecurrentn_sto=current_Zns2n+current_Zns2p;

ean_time=Tdean;
Vs_dean=A*sin(2*pi*freq*tnd_def+delay_dean*2*pi*freq);

&bﬂg@ 2,1),plot(tnd_deftdelay dean,Vs dean,'g);holdon |
1 :h

0t(2,2,3),plot(tns2+delay_ston,current Zns2n,'b');

[tnd,! Qnd] 0de45(@j\-1-13N_ial:§KD [0, Tdean]{{lastvalue_Zns2n lastvalue_Zns2p},options,delay_dean);

Base Current

A\ 4

Currant [A]
o

0 05 1
t[s] w0

&

v

Current [4]
Yaltage [V]

A 4

INITIAL CONDITIONS

@before the NPN DEAD TIME phase

FOR PNP RECIRCULATING PHASE
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Simulation results with the Matlab tool

Figure 44. Re-circulating phase preliminary to the PNP conduction time phase

DRIVING NETWORK: EQUATIONS and CONDITIONS

CODE: DEVELOPMENT and IMPLEMENTATION

/\

d

Vs

=, Ccp—pnpric

E 6/()17 pnpric (t ))= a: VCnfpnpric ta-

(t ))= LR R—

V e prpric (t 6+ ) =V cn-npniead (t 6
p—pnpric (t 6+ ): Vs (t 6- )

VQFP”W_C function Diff PNP_REC%
a=. k=.;ls=
v kT Diff PNP_REC=[a*Xpr(1)+a*Xpr(2);
Cp—pnpric a*Xpr(1)+a*Xpr(2)+ k*Is]:

return

|_

l INITIAL CONDITIONS

Trecp=Trecn;

tpr_def=linspace(0, Trecp,100000); ~~ . _
diff Xprn=diff(Xpr(:,1))./diff(tpr);

diff Xprp=diff(Xpr(:,2))./diff(tpr);
current Xprn=-Cap*diff Xprn;
current_Xprp=Cap*diff Xprp;

delay_recp=dean_time+delay_dean;
[tpr,Xpr]:ode45'(@f_’_l_\_1_ff§§5gf[0, Trecp](lastvalue_Qndn lastvalue Qndpj,options,delay recp);
length_Xpr=length(Xpr(:,1)); =~ _

L e e e e

| current Xprp=Cap*diff Xprp;
lastvalue_Xprn=Xpr(length_Xpr,1);
JMW
recp_time=Trecp;

current_Qndn(length Qnd)=current Xprn(1);
current_Qndp(length_Qnd)=current Xprp(1);
basecurrentn_dea=current_Qndn+current_Qndp;
Vs_recp=A*sin(2*pi*freq*tpr_def+delay recp*2*pi*freq);

rsubplot(2,2,1),plot(tpr,Xpr(:, 1),'6");hold on
< subplot(2,2,1),plot(tpr,Xpr(:,2),'r');hold on
subplot(2,2,1),plot(tpr_deftdelay recp,Vs recW

subplot(2,2,2),plot(tnd +delay_dean,basecurrentn_dea,b');holdon —————
rsubploi(2,2,3),plot(tnd+delay_dean,current_Qndn,'b");ho!
ubplot(2,2,3),plot(tnd+delay_dean,-current_Qndp,'r');hold on

Base Current v
03z
02
o %
5 IBn
E 01 /,\//\3\ ........
3 o Be N _ 4
-0.1 : y
o 05 1 1.6
tis] x10®

Capacitor Voltage v

Capacitor CurrentV
03 ” T 10
- Dz .............................. 4
< = &
3 £ 0
-5
o

@ore the Recirculating Phase preliminary to the PNP Conduction T@

INITIAL CONDITIONS
FOR PNP CONDUCTION PHASE
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Figure 45. PNP conduction time phase

DRIVING NETWORK: EQUATIONS and CONDITIONS

CODE: DEVELOPMENT and IMPLEMENTATION

+a-V,

Cp—pnpcon

a (I/Cnfpnpcon (t )): AV pnpeon

d
_(chw (t))=a~VC pnpeon 0 Vep pmpeon + 1 Vs —Vipg,)

VCn—pnpmn (t 8+ )= VCn—pnpric (t 8- )
— ppcon (ts+ ) = VCp—pnpric (ts- )

~

(o)

a=...;

function Diff PNP_CON=PN,
ebp=

return

00 boof G — v |
< iff PNP_CON=[a*Ypc(1)+a*Ypc(2); ::>
————— a*Ype(D)+b*Ype(2)+h*(A*sin(2*pi*freq*t+delay pc*2*pi*freq)-Vebp)]; |

INITIAL CONDITIONS

[tpcl,Y pel]=ode45(@]

[tpc2,Y pe2]=ode45(@P

Conduction time calculation

length_Ypc2=length(Ypc2(:,1

-

current_Xprp(length_Xpr)=cu:

Vs_conp=A*sin(2*pi*freq*tp:

delay” conp=recp_time+delay_recp;
Teonp=((1/freq)-delay_conp);
NP_CON)[O, Tconp],

[max_Y pclp,ind_max_YpcTpl=max(Ypcl(;,2));

T N0, tpclp 1 ,options,delay_conp);
[maxﬁch2p,indﬁmaxﬁchZfJ]:n!x(?ch( 12));
tpe2p=tpc2(ind_max_Ypc2p); S0
tpc_def=linspace(0,conp_time,100000);

diff Ype2n=diff(Ypc2(:,1))./diff(tpc2);
diff Ype2p=diff(Ypc2(:,2))./diff(tpc2);
current_Ype2n=-Cap*diff Ypc2n;
current Ypc2p=Cap*diff Ypc2p;
astvalue_Ypc2n=Ypc2(length_Ypc2,T);

lastvalue_Ypc2p=Ypc2(length Ypc2.2);
current Xprn(length Xpr)=current_Ypc2n(1);

basecurrentp_rec=current_Xprn-+current_Xprp;

stvalue_Xpm"lasfvalue_X rp}options,delay_conp);

)):

rrent_Ype2p(1);

c_deftdelay conp*2*pi*freq);

|

ﬁfpﬁﬂf,z,l),plot(tch+delay700np,W
subplot(2,2, l),plot(tpc2+delay7conp,chZ%&r;n’/

subplot(2,2,1),plot(tpc_deft+delay conp,Vs conp,'g'):h

subplot(2,2,2),plot(tpr+delay 1

recp,basecurrentp_rec,'b’);hold on

|

| subplot(2,2,3),plot(tpr+delay |,

[subplot(2,2,3),plot(tpr+delay_recp,-current Xprn,5');
recp,current_Xprp,'t');hold of

N

YCapacitor Current

- 7
Blase Current 03 — Capacitor Voltage
[V -4 npteaet
= {oq) R o
= < Ien >
= B @
S o < =
0 : i
g i} 0.5 1 1.5
=] % '||3'5 tls] % IU""

@ the PNP Conduct@

INITIAL CONDITIONS
FOR PNP STORAGE TIME PHASE

AMO09835v1

70/78

Doc ID 018840 Rev 1




AN3400

Simulation results with the

Matlab tool

Figure 46. PNP storage time phase

DRIVING NETWORK: EQUATIONS and CONDITIONS

CODE: DEVELOPMENT and IMPLEMENTATION

VCn — prpsto (10+) Cn—pnpcon (tIO—

VC — pnpsto (t10+ )

p Cp—pnpcon (t10—

7 (VCn—pnpsm (t ))= AV e ppsto T4V ey pupsto
d
(VCp prpsto (t ))= AV ppsto 7€ Ve pmpso T2+ Vs

- VEB

25 u—(4"s)/((2 5%, 000001)A
o0t .. Vebp=..; A= freq=
Diffj‘NPisTO l :[a*Zps(l )+a*Zps(2);

return

L A a*Zps(I)terZps(2)+ Z5(A*sin(2*pi*freq*ttdelay ps*2*pi*freq)-Vebp)l]

i

-
-

= 2
_— t[s] x 10
Base Current
<
g
=
fa
—1
=
g
s .l
-10
B 1 2
1 tis] x10°

=
function Diff PNP_STO2-<PRP*
s=2; u=(4*s)/((sloragetimepnp)ﬂ),
3 .3 Vebp=..;A=..;freq=...;
——ﬁTfr‘PNP bTOZ @ Zps(1) ra*Zps(2);

A

return

7\

a*Zps(1)+c*Zps(2)+ z*(A*sin(2*pi*freq*t+delay_ps*2*pi*freq)-Veby

4

delay_stop=conp_time+delay_conp;
Tstop=((1/freq)-delay_: stml)._ -
[tps1,Zps1]=ode45(@PNP STO] ﬂLTstop]
length_Zpsl=length(Zps1(:,
diff Zpsln=diff(Zps1(:,1)). /dlff(lpsl),
diff Zpslp=diff(Zps1(:,2))./diff(tps1);
current_Zpsln=-Cap*diff Zpsln;
current_Zps1p=Cap*diff Zpslp;
current_ZpsIn(length Zps1)=0;
current_Zps1p(length Zps1)=0;
basecurrentp_stol=current_ZpsIn+current_Zpslp;
polcur_Zpsl=polyfit(tps1,basecurrentp_sto1(:,1),20);
interpeur_Zpsl=polyval(polcur_Zpsl,tpsl);
rootpoleur_Zpsl=roots(polcur_Zpsl);
forh 1:size(rootpoleur_Zpsl,1)
polcur_Zpsl=imag(
if imrootpolcur_Zps1==0
rerootpoleur_Zps1(h)=rootpolcur_Zps1(h);
end
end
posrerootpolcur_Zps1=find(rerootpolcur_Zps1>0);
for r=1:size(posrerootpolcur_Zpsl,1)
lcur_Zps1=min(;

astvalue_Ypc2n lastvalue_Ypc2,

~<

~

Zpsl(h));

the turn-on time

minposr - Zpsl(pc polcur_Zps1));
end

max_tpc=max(tpc2);

ime constant directly connected to the lifetime of the

ifetimep=1.8/1000000; minority carriers in the transistor base

costp=1/(max_tpc+minposrerootp - ZpsT);

Joptions,delay_stop);

Ratio between the amount of charge
provided in the base during the storage
time and the amount of charge during

e ==

ﬂc’zemmp_@ixmywrp (lifetimep*(log(costp*(xvarp/yvarp)+1)));
< percent=linspace(0.15,0.25,10

for u=1:length(percent)
[xvalp(u),yvalp(u)] = fzero(@(xdump) func_zerostop(xdump,percent(u)),2.5/1000000,1e-8);

end
5 Storage Time ca@
P polcur_Zpsl;

storagetimeffp=storagetimep-+

basecurrentp_con=

Iength ZpsZ ]englh(Zps ,1);
tps2_def=linspace(0, sloragcnmcffp,lOOOOO),
diff_Zps2n=diff(Zps2(:,1))./diff(tps2);
diff_Zps2p=diff(Zps2(:,2))./diff(tps2);
current_Zps2n=-Cap*diff Zps2n;

< astvalue > Zps2n=Zps2(length Zps2.T);

Hastvalue Zps2p=Zps2(length Zps2.2):——
current_Ypc2n(length_Ypc2)=current_Zps2n(1);
current_Ype2p(length Ypc2)=current Zps2p(1);

stop_f tlme—storagetlmeffp,

Vs_stop=A*sin(2*pi

subplot(2,2,1),plot(tps2-+delay stop Zps2(:,1),'b');hold on

subplot(2,2,1).plot(tps2+delay_stop,Zps2(:,2),'"); hold on
2y 1g1):

,plot(tp02+delay conp,»current Ypc2n,'bY);
:suhpr(Z_,_Z_éLp]ol(tpCZ-#delay conp,current_Ypc2p,'r');hold on

10, storagetimeffp[lastvalue chZ’]astvalue Ypc2ploptions,delay_stop,storagetimep);

current_Ypce2n+current_Ypce2p;

y

INITIAL CONDITIONS
FOR PNP DEAD TIME PHASE
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Figure 47. Dead time phase after the PNP storage time phase

DRIVING NETWORK: EQUATIONS and CONDITIONS CODE: DEVELOPMENT and IMPLEMENTATION

function Diff PNP DEAD:P_N
ib=.. k=i h=
< lff PNP DEAD [a*de(l)+g*de(2) k*lcbcp h*(A*>1n(2*p1*freq*Hde]ayJ)d*Z*pl*freq)+Vc,bep) >
——— a*Qpd(1)+b*Qpd(2)+k*Iccbnth*(A*sin(2*pi*freq*t+delay_pd*2*pi*freq)+Vebep)l:t
K

return

—~
a (VCn— pnpdead (t ))= a-Ve,. e S VCp—pnpdead =lsel] cBCp h-(Vg + VCBEp)

d
= (I,Cnfpnpdead (t ))= a- VCnfpnpdead +b- VCp e k-Ioeg, +h- (Vs + VCHEp)

Cn—prpdead. (tl I+ ): Ve, prpsto (t 11—

_ ) |
Vep-pmpiead €1 )= Vppmpsio C11.) A {  INmAL conpiTiONs

delay_deap=stop_time+delay_stop;
Tdeap ((l/freq) de]ay -deap);--..

tpd_def=linspace(0,Tdeap,
diff_Qpdn=diff(Qpd(:,1))./diff(tpd);
diff Qpdp=diff(Qpd(:,2))./diff(tpd);
current den— Cdp*dlff den

Final voltage values on the capacitors in
series to the bases of the devices at the
end of a complete period of the driving
voltage signal

<]

current ZpsZn(length ZpsZ) current - Qpdn(1);
current_Zps2p(length_Zps2)=current_Qpdp(1);

current_Qpdn(length_Qpd)= current_Qpdn(length_Qpd-1);
current_Qpdp(length_Qpd)= current_Qpdp(length_Qpd-1);
basecurrentp_sto=current_Zps2n-+current_Zps2p;
Vs_deap=A*sin(2*pi*freq*tpd_def+delay_deap*2*pi*freq);
[subplot(2,2,1),plot(tpd+delay_deap,Qpd(:,1),'b');hold on
< subplot(2,2,1),plot(tpd+delay_deap,Qpd(:,2),'r"); hold on
| subplot(2,2,1),plot(tpd_def+delay_deap,Vs_deap,'g');hold on

<mplm(tp>2+deldy stop,basecurrentp_: stm

subplot(2,2,2),plot(tpd+delay_deap,basecurrentp_dea,'b

,plot(tps2-+delay_stop,-current_Zps2n,'b");hold on
subplol(2 2 ,3).plot(tps2+delay_stop,current_Zps2n,'r');hold on
subplot(2,2,3),plot(tpd+delay_deap,-current_Qpdn,'b');hold on

fsubplot(2,2,3), plot(tpd+delay_deap,curreny Qpdp, r');hold

Currents before the PNP DEAD TIME phase
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The following images represent the results of the driving network simulation in Matlab
environment. In particular, signals simulated refer respectively to the filter capacitor voltage
signal (Vg), NPN base series capacitor voltage (V) and PNP base series capacitor voltage
(Vcp) depicted in Figure 48, NPN base current (Ig,) and PNP base current (lg,) depicted in
Figure 49 and NPN base series capacitor current (Ic,) and PNP base series capacitor
current (Icp) depicted in Figure 50.
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For a better overall visualization, the following complete graphs are been obtained
simulating sequentially for two times the total cycle of the driving voltage signal so to plot
only the last cycle in advance of a time period t,;c equal to:

Equation 38
1

— T
freq pnpdead

antic —

in which Tpnpdead is the duration of the dead time phase after the PNP storage time phase.

Moreover, the conduction time phase simulation for both devices is repeated iteratively for
two consecutive times in order to restrict the integration interval and refine the maximum
voltage value research in it.

Figure 48. Driving network simulation results: filter capacitor voltage signal (Vs),
NPN base series capacitor voltage (V¢,)) and PNP base series capacitor
voltage (V¢,) signals simulated
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Figure 49. Driving network simulation results: NPN base current (I,,,) and PNP base
current (lp,,) signals simulated
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Figure 50. Driving network simulation results: NPN base series capacitor current
(Icn) and PNP base series capacitor current (Ig,) signals simulated
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As can be seen from the comparison of the experimental acquisitions of the current/voltage
signals on the 15 W CFL tested board with the results obtained using the Matlab tool, the
modeling method developed for the complementary pair solution driving network simulation,
with the conditions and assumptions imposed during each working operation stage of the
bipolars, can be considered quite reliably because a good match is observed between the
measured and the modeled results. In particular, the results of modeling observed to be in
good correspondence with measured data are the following:

Equation 39
Igon = 150MA; Igyy = -60MA; Tggage = 2.3p5€C

Previously reported simulation results can be viewed during the simulation and then
exported to the Matlab workspace for subsequent offline analysis.
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Conclusions

A comprehensive description of a self-oscillating resonant driving system for compact
fluorescent lamps (CFL), using a complementary pair of bipolar transistors on the half
bridge converter section was made using a stage-wise circuit analysis in steady-state
working condition for the devices. An analytical model has been developed to describe both
of the resonant driving network functional characteristics and the physics of the bipolar
devices during each working operation phase in steady-state condition. Then, a simulation
procedure of the corresponding behavior model in Matlab environment has been carried out
in order to verify the correctness of the modeling technique proposed. Finally, the accuracy
of this approach/method is verified by comparing the simulation results with experimental
ones obtained by the driving network circuital implementation response. Two commercially
available complementary ST power bipolar junction transistors in TO-92 package
(respectively NPN device STX83003 and PNP device STX93003), which find application in
electronic lamp ballast applications, were chosen for the experimental analysis ona 15 W
CFL board prototype. From the comparison of the simulation results with the signals
acquired on the 15 W CFL board tested, the measured data are observed to agree closely
with those provided by Matlab software tool, therefore validating the modeling method
developed for the resonant driving network. In particular, results of simulation observed to
be in good correspondence with measured experimental data are the values of the
parameters lg,, =~150mA , I, = ~60mMA and Tgyoaq = 2.3ps€C, and for both devices.
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