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Analytical Modeling and Controller Design of a
Modular Series Parallel Resonant Converter System
for a Solid State 2.88-MW/115-kV Long
Pulse Modulator

Michael Jaritz

Abstract—In this paper, two control strategies for voltage bal-
ancing in a modular serial parallel resonant converter modulator
system, which is used in a high-voltage-pulsed power application,
are presented and verified by simulations and measurements. The
system is based on two series parallel resonant converter modules,
forming an input series output parallel stack. To obtain the given
output voltage pulse of 115 kV, nine of these input series output
parallel stacks are connected in parallel at the input and in series
at the output, forming an input parallel output series system. A ro-
bust input voltage balancing by an auxiliary circuit and an output
voltage balancing by control is introduced and proven by measure-
ments. In addition, an alternative approach, where the input and
output voltage balancing is achieved purely by control, is given and
verified by simulations. For designing the control of this system,
a large and a small signal model is derived and the influence of
component tolerances is investigated.

Index Terms—Input parallel output series (IPOS) control, input
series output parallel (ISOP), large signal model, series parallel
resonant converters (SPRC) modulator system.

1. INTRODUCTION

ANY enhanced fundamental physic experiments, like
M the investigation and development of new basic materi-
als, are performed with the help of linear colliders or spallation
sources. Medium and high beta cavities used in such linear col-
liders/spallation sources are supplied by klystron amplifiers or
inductive output tube amplifiers. The cathode voltage for these
amplifiers can be generated with long pulse modulators gen-
erating high-voltage pulses with pulse lengths in the range of
milliseconds. With existing modulator topologies all the de-
manding requirements like a fast pulse rise time, a low-voltage
ripple and a long pulse length can hardly be satisfied at the same
time in a compact way. For example conventional concepts like

Manuscript received October 31, 2017; accepted December 13, 2017. Date of
publication December 19, 2017; date of current version July 15,2018. This work
was supported by CTI and Ampegon AG under CTI-research project 13135.1
PFFLR-IW. Recommended for publication by Associate Editor M. Saeedifard.
(Corresponding author: Michael Jaritz.)

M. Jaritz and T. Rogg are with D-ITET HPE, ETH Ziirich, Ziirich 8092,
Switzerland (e-mail: mi.jaritz@gmail.com; roggt @hpe.ee.ethz.ch).

J. Biela is with IT & EE, ETH-Ziirich, Zirich 8092, Switzerland (e-mail:
jbiela@ethz.ch).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2017.2785128

, Member, IEEE, Tobias Rogg, and Juergen Biela

, Senior Member, IEEE

JJS, J 12.75kV J;
o
f v,
== [400v - ‘ Vo
A s, L o
Vo T
800V - SPRC-Bml (o ——
—— VDL -
j l400 v SPRC-Bm2

2 SPRC ISOP stack
i [ v,
== DL ]
: i400 v SPRC-Bm3 ”

SPRC-Bm4

Klystron10T

v
2 SPRC ISOP stack 15 kv
-

‘ = SPRC-Bm17
:EI MSBH\/ SPRC-Bml§
2 SPRC ISOP stack
- SPRC IPOS modulator system
Fig. 1. SPRC modulator system with two SPRC-Bms forming an ISOP stack

and nine of them are connected to an IPOS system.

TABLE I
PULSE SPECIFICATIONS

Pulse voltage Vx —115kV
Pulse current Ix 25 A
Pulse power Px 2.88 MW
Pulse repetition rate Prr 14 Hz
Pulse width Tp 3.5 ms
Pulse duty cycle D 0.05
Pulse rise time (0..99% of Vi) trise 150 ps

Pulse fall time (100..10% of Vk) teall 150 ps

bouncer modulator topologies [1], [2] using pulse transformers
become huge for long pulses since the volt-seconds of the pulse
are high.

Series parallel resonant converters (SPRCs) avoid this draw-
back as the transformer is operated at high frequencies. Based
on the optimization procedure presented in [3], an SPRC-base
module [4], [5] has been designed (see Fig. 1) for the specifica-
tions of the long pulse modulator for electrical sheet steel given
in Table I. There, two SPRC-Bms form an input series output

See http://www.1ieee.org/publications_standards/publications/rights/index.html tor more intormation.


https://orcid.org/0000-0002-9479-5697
https://orcid.org/0000-0001-9099-6486

9048

parallel (ISOP) stack. The 400 V inputs are connected in series
to share the 800 V input supply voltage, which gives the advan-
tage to use commercial off-the-shelf 650 V break down voltage
silicon MOSFET switches for the full bridges. The presented con-
trol approach, however, is generally applicable. The outputs of
the two modules are connected in parallel, resulting in a lower
current stress and, therefore, lower losses in the semiconductors
and the resonant tanks of each SPRC-Bm. To generate the full
system negative pulse voltage and provide the power given in
Table I, nine of these ISOP stacks are connected in parallel at
the input and in series at the output, forming an input parallel
output series (IPOS) system (see Fig. 1). Besides the crucial de-
sign of the transformer regarding the isolation design (presented
in [6]) and the thermal design (presented in [7]), the control of
the IPOS system with an embedded ISOP system is a major
challenge, which is the focus in this paper.

In the literature, several possibilities to control ISOP systems
exist, as for example like the common duty ratio control [8], the
charge control method for a two module ISOP system [9], or the
three loop control method [10]. These methods are either work-
ing properly only for well-matched SPRC-Bms with small com-
ponent tolerances, are relatively complicated, or require three
control loops. The methods presented in [11]-[13] overcome
these problems and present an easily implementable strategy,
which requires just two control loops for pure ISOP systems.

In contrast to ISOP systems, equal power sharing, respectively
equal output voltage sharing (OVS) has to be achieved for pure
IPOS systems as presented in [12]-[15].

The tasks of a proper input/output voltage balancing, as well
as an equal power distribution between the SPRC-Bms of the
combination of an IPOS system with an embedded ISOP system
are not addressed by the methods given in [11]-[15].

In addition, in the combined IPOS-ISOP system, the in-
put/output voltage droop due to the high power consumption
during the pulse also has to be compensated, since the energy
during the pulse is only provided by the dc-link capacitors.

In order to overcome this problem, the common large signal
model of a single SPRC-Bm is extended in this paper, so that also
changing dc-link voltages can be considered. Based on this new
model, two control strategies for the entire modulator system are
presented and verified by simulations as well as measurements.

In addition, an auxiliary circuit for input voltage sharing (IVS)
and a new method for balancing the output voltage by control-
ling the resonant current are presented and verified by mea-
surements. Using the resonant currents instead of the output
voltages as control variable for the output voltage balancing en-
ables to avoid the measurement of the output voltage, so that no
high-voltage isolated measurement equipment is needed for the
voltage balancing. An alternative, also a method, where the input
and output balancing is achieved only by control, is described
and verified by simulations.

Furthermore, all large signal system and coupling equations,
as well as the small system matrices for the IPOS system with an
embedded ISOP system are given analytically. This representa-
tion can be used to investigate IPOS systems with an arbitrary
number of ISOP systems in series, which are formed by an
arbitrary number of SPRC-Bms in parallel.
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Fig. 2. (a) Switched SPRC-Bm module model. (b) Large signal model of a
single SPRC module. The left side represents the excitation voltage and the
resonant tank and the right side represents the rectifier and the load.

First, in Section II of this paper, the large and the small signal
model of an [POS system are derived. The proposed control
systems are presented in Section III. In addition, component
tolerances and their influences on the modulator behavior are
discussed. Afterward, measurement and simulation results of the
controlled IPOS system are given in Section IV. The detailed
derivation of the large signal and the small signal model for the
IPOS system is given in Appendix A. All transfer functions used
for the controller designs are derived in Appendix B.

II. LARGE AND SMALL SIGNAL MODEL OF THE IPOS SYSTEM
‘WITH EMBEDDED ISOP SYSTEMS

In this section, the large signal model of an SPRC-Bm is
derived. Based on this model, the large signal model of the IPOS
system with embedded ISOP systems is presented. Thereafter,
the transition to the small signal model is discussed. There, the
following definitions are made: V{, is used for the output voltage
of an SPRC-Bm and V,, is used for the output voltage of the
IPOS system.

A. Large Signal Model

A detailed derivation of the large signal model of the SPRC-
Bm is given in [16]—[18], but for the sake of completeness, the
derivation is shortly summarized below.

1) Large Signal Model of an SPRC-Bm: Applying Kirch-
hoff’s law to the SPRC-Bm in Fig. 2(a) results in following
nonlinear set of (1), where all magnitudes and components of
the secondary transformer side are transferred to the primary
(R} = Rp/ii%, Cf = Cyii?, Cp = Cpii®, V§ = Vo /i, ify = ipil,
V{p = Vop /). The definitions of all parameters and compo-
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It can be seen from (1) that there are six independent variables
(.e. irs, Vos, Vop, Vas, Vo, ip) but just three equations.
Therefore, additional relationships have to be found to solve the
equation system. In case of the SPRC-Bm, the main waveforms
in Fig. 3 are described with the extended describing function
[19]. This means irs, Vs, and Vap can be represented by
their first harmonic terms, i.e., the fundamental term of the
Fourier series. The output voltage Vo and the rectifier current
ip are represented by their dc Fourier coefficient with sufficient
accuracy [20]. This results in the equation set in (2) and its
circuit representation in Fig. 2(b). In this notation the large
signal (2) can be easily solved by numerical solvers as the Runge
Kutta algorithm and the circuit in Fig. 2(b) can be directly
implemented in a circuit simulation program like SPICE

1 /W
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— L (sin(w)? ) (2f)

Ty = ﬂCléw 1 sin + Top
Ty = @(3?2 sin(v)? — @1 p1) (22)

x5 Chw

s =1 — —o P 2h
cos EEY (2h)
w =1 —sin(y) cos(v). (21)

Employing state-space theory on (2) directly results in the
state vector z(¢) and the input vector u(¢) that are used for the
controller design

;v(t):[wl Ty T3 Ty x5]T 3)

ut)=[D w Vo]" 4)

where x1, x9 are currents, xs, x4, x5 are voltages, D is the duty
cycle, w is the angular switching frequency and Vp is the dc-
link voltage, respectively. The definitions of the elements of the
2(t) and wu(t) vectors is given in Fig. 4. It is worth mentioning
that Vi p is not used as state-space variable due to the fact that
its signal form in Fig. 3 is neither sinusoidal nor differentiable
without case distinctions. However, its influence on the system
is fully described with (2f) and (2g) and leads to a reduction of
the order of the system by 2. Based on the derived equations,
the large signal model for the IPOS system is derived in the
following.

2) Large Signal Model of the IPOS System: For the sake of
simplicity, the following investigations are performed for a re-
duced IPOS system as shown in Fig. 4(a) and its corresponding
large signal model in Fig. 4(b). It is easily extendable to the full
system and also the reduced system provides the conditions for
a valid controller design. Fig. 4(a) shows the principle block
diagram of the IPOS system, where two modules connected in
parallel at the output and in series at the input forming a serial
input parallel output system (ISOP). Furthermore, two of the
ISOP systems are connected in series at the output and in par-
allel at the input forming a parallel input series output system
(IPOS). Connecting nine of these ISOP systems in series leads
to the IPOS modulator depicted in Fig. 1. The input charging
unit [IVCU, see Fig. 4(a)] is not able to keep the input volt-
age constant, due to the high output power during the pulse.
Therefore, for the ISOP system, the influence of the variable
input voltage of each SPRC-Bm has to be considered addition-
ally. This means that the input variable Vp is described by a
new state variable leading to an additional state-space equa-
tion for each SPRC-Bm. The variable input voltage is mod-
eled so that the input to output power equilibrium is fulfilled
(Rr <)

N .
Pow=Pn — ipTs = T1olcy, ©)
dl’l() 1 .’EF,Z;)

dt — Cpbui 1o

6)
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Fig. 4. (a) Block diagram of the reduced IPOS system with embedded ISOP systems and the IVCU. (b) Large signal model of the reduced IPOS system with

variable input voltage. (c) Linking definitions between (a) and (b).

where x1( represents the input voltage. Finally, the new state
and input vectors of the reduced IPOS system are

@)
®)

All variables of the new state and input vectors can be identified
in Fig. 4(b). The complete set of equations and dependencies
of the series connection of the reduced IPOS system is given
in Appendix A. The simulated output voltages and resonant
currents from the switched model match well with the calculated
large signal values as depicted in Fig. 5, where the output voltage
Vou from the large signal model shows the mean value of the
switched model and the large signal resonant current gives the
envelopes of the switched system. The IVCU is inactive and the
used simulation parameters are given in Table II. The dc-link
capacitors Cpr; — Cpr4 are precharged to 1 init — 222 init- The
derivation of the small signal model is given in the next section.

(E(t) = [1‘1 X9 .’L‘QQ]T

u(t):[D w DQ w9 D3 w3 D4 UJ4}T.

B. Small Signal Model

For determining the small signal model of the reduced IPOS
system a valid operation point has to be calculated. Therefore,
all equations in Appendix A are solved until a certain point of
time to obtain the operation point values of the state variables
(see Table V). By employing the well-known Taylor series to
the nonlinear large signal equations around the chosen operation
point, the linearized state-space model is derived

Az = AAx + BAu

Ay = CAx + DAu 9)

where A, B, C, and D are the matrices that describe the system,
y is the output vector, and A is the small change around the op-
eration point [20]. After linearization and applying the Laplace
transformation all transfer functions between inputs and state
variables can be obtained using

G(s)=C(sI- A)'B+D. (10)
The small signal transfer functions can be validated by super-
imposing a small perturbation (approximately 5% of the actual
nominal value, [17]) to the duty cycle and/or the switching fre-
quency of the large signal model and by performing an ac anal-
ysis over a certain perturbation frequency range. The linearized
small signal transfer functions match well with the measured
small signal transfer functions, if the perturbation frequency is
maximal 20% of the nominal switching frequency, as it has been
shown in [17]. It is worth mentioning that the resulting transfer
function matrix G(s) is only valid in the region close to the
chosen operation point and has to be recalculated if another
operation point is in the scope of interest.

III. CONTROL OF AN IPOS SYSTEM WITH EMBEDDED
ISOP SYSTEMS

The output voltage V;,, of the resonant modulator system can
be controlled by the duty cycle D and/or by the frequency f
[21]. Due to the high-pulsed output power of 159.75 kW of a
single SPRC-Bm, the input voltage charging unit is not able to
keep the dc-link voltage Vpr constant during the pulse. This
results in an input and consequently also in an output voltage
droop that has to be compensated.
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Fig. 5. Comparison of the output voltages and resonant currents between the

analytical large signal model (red) [see Fig. 4(b)] and its related simulated
switched signal model (blue) of the IPOS system with variable input voltage.
The output voltage of the large signal model corresponds to the mean value of
the output voltage Vo of the switched model. The resonant current of the large
signal model corresponds to the peak current values of the switched system
resonant current 77, g . The IVCU is inactive and the used simulation parameters
are given in Table II. The dc-link capacitors Cpy; — Cpra are precharged to
T10,init — L22,init-

TABLE II
COMPONENT VALUES OF THE SPRC BMS OF AN IPOS SYSTEM WITH
VARIABLE INPUT VOLTAGE

Bml Bm2 Bm3 Bm4
Component and input values
Lg Lso Ls3 Lsy (pH) 4.199
Cs Cso Cs3 Cgy (HF) 840
cr cl,  Ch,  Ch,  (uF) 1696
Ry Ry Ry Ry () 0.01
Cyf Chy (uF) 8
R, () 2.875
CpL1 CpL2 Cprs CpL4 (mF) 30
w w9 w3 wy (krad/s) 2 -7w-106
D Dy Dy Dy () 0.8
T10,init  T1l,init  T20nit  T22,init (V) 400
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The voltage drop of Vg, and the influence of component tol-
erances are discussed first. Afterward, a detailed investigation
concerning input and output voltage balancing methods is pre-
sented.

A. Voltage Droop Compensation/Component Tolerances

1) Voltage Droop Compensation: Fig. 6(a) (output voltage
versus frequency) and Fig. 6(b) (output voltage versus duty cy-
cle) show the output voltage at the beginning of the pulse, with
an input voltage of Vpp, = 400 V (blue lines) and at the end of the
pulse discharged to an input voltage of Vp;, = 330 V (red lines).
The solid lines are the nominal transfer characteristics and the
dashed lines represent the component tolerances. If the modula-
tor is operated with a constant frequency f4, the output voltage
starting in point A (Vo = 12.75 kV) is decreasing and will end
in point £ (Ve = 10.6 kV) [see Fig. 6(a) and (b)]. The crosses
depicted in Fig. 6(b), marked with Dy 4, D} 4> and D;ﬁ 4 define
the minimum duty cycles, which allow zero voltage switching
(ZVS) if the SPRC-Bm is operated above the resonance fre-
quency [see Fig. 6(a)]. To compensate the voltage droop, the
frequency f4 is reduced during the pulse until it reaches fp in
point B, see Fig. 6(a). The compensation is realized by decreas-
ing the frequency linearly, if the output voltage V4, crosses a
certain limit. The reduction of the frequency leads to an overlap
of the output voltage characteristics [compare Fig. 6(b) and (¢)],
but the minimum duty cycles D4, D} 4, and DY , are moving
toward higher duty cycle values and ending in Dy p, D} 5> and

ff’ - This leads to a reduced ZVS range, which has to be con-
sidered during the design process. The minimum duty cycles
can be calculated by

T 2 .
D= (5 — szvs) ;7 with ©Yzvs = Y — PTot- (1D

The angle ¢ is the input impedance angle between the first har-
monic of the full bridge output voltage Vap(1) and the resonant
current [y 51y [see Fig. 7(a)] and is calculated with (35) in [5].
This angle has to be reduced by the interlocking angle o7, to
ensure ZVS in all switches of the SPRC Bm. Fig. 7(b) shows the
ZVS violation where the interlocking angle is not considered in
the switching signals.

2) Component Tolerances: The tolerance discussion is
based on the converter design given in [22], which is the proto-
type system related to the proposed controller design. The total
tolerance s(k) of parts that are formed by k components is given
by

51

vk

where s; is the tolerance of a single component. The tolerance
s1 of the used NPO ceramic capacitors in [22] is 5%. This
results in a total tolerance s¢ g (k) = £0.167% for Cs which is
made of 896 capacitors and a total tolerance s¢ p (k) = +0.34%
for Cp which is made of 216 NPO capacitors. Therefore, it
can be concluded that the resonant capacitors have a negligible
tolerance. However, the inductor Lg that is a single component
has a relatively large tolerance. The influence of this tolerance

s(k) = (12)
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Fig. 6. Output voltage characteristics given for different input voltages in (a)
versus frequency and in (b) and (c) versus duty cycle. The red curves are the
voltages at the beginning of the pulse with an input voltage Vpy, = 400 V and
the blue curves are the voltages at the end of the pulse with Vpr, = 330 V due to
the voltage drop of the main capacitor. The dashed lines indicate the tolerances
of the series inductance Lg. If the modulator would be operated with constant
frequency f4, the output voltage starting in point A is decreasing and will
end in point £ [(a) and (b)]. To compensate the voltage droop, the frequency
fa is reduced until it reaches fp in point B [(a) and (c)]. The reduction of the
frequency leads to an overlap of the output voltage characteristics and a constant
output voltage, respectively, but also to a reduction of the ZVS range (c).
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Fig.7.  (a) Inputimpedance angle ¢ between Vap(1) and I s (1). (b) Switching

signals of the switches S; — S with the interlocking angle ¢1,¢. A ZVS
violation occurs in the switches S and S of the SPRC-Bm because the current
I s (1) crosses zero before the switches So and .Sy turn on.

is clearly visible in Fig. 6. The variation of the inductance by
+1% (dashed lines) results in a voltage change of 5% in point
A’ and A” compared to the nominal value Vo (solid lines) in
point A.

B. Input and Output Voltage Balancing

For IPOS systems equal power sharing is achieved by ensur-
ing OVS that results in equal input current sharing (ICS) [12].
Unfortunately, the ICS of the IPOS system does not lead to
equal IVS of the SPRC-Bms of the embedded ISOP systems.
Due to the tolerances of the resonant inductor each of the two
SPRC-Bms in the ISOP system could transfer different amounts
of power to the output, which is provided by their input capac-
itors. This results in an input voltage divergence that has to be
compensated either with the help of an auxiliary circuit or by
control.

If the input voltage balancing cannot be achieved by con-
trol, since for example the ZVS condition is violated, different
auxiliary circuits can be used to balance the input voltage. The
input voltage balancing concept realized with an auxiliary cir-
cuit and an output voltage balancing by control is given first.
Afterward, additionally a method based on an input and output
voltage balancing purely by control is presented.

1) Input Voltage Balancing by Auxiliary Circuit and Output
Voltage Balancing by Control: In Fig. 8(a), the input voltage
balancing is achieved with switched auxiliary resistors that are
in parallel to the dc-link capacitors Cpy. [23]. The resistors dis-
charge the input capacitors to equal voltages by turning on their
switches, hence leading to an equal power sharing. However,
the unbalanced power has to be dissipated by the auxiliary resis-
tors. This drawback is avoided by the circuit shown in Fig. 8(b)
[24]. There, the unbalanced power from one capacitor is used
to charge the other capacitor until both have equal voltages.
Therefore, the active buck balancing circuit is used for the input
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Fig. 8. (a) Switched resistor balancing and (b) active balancing.
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Fig. 9. Control block diagram of the output voltage balancing, based on the

resonant currents where n is the number of ISOP systems. The operation point
duty cycle Dop is given from a lookup table (LT).

voltage balancing. If Vp; > Vpro, the circuit acts as a buck
converter where Vp is the input voltage and Vpy, is the out-
put voltage. If Vpr; < Vpra, the circuit acts as a buck converter
where Vpy, is the input voltage and Vpy; is the output voltage.

For the output voltage balancing, the concept shown in Fig. 9
could be employed. If it is not possible to access all output
voltages, e.g. the high-voltage transformers are oil isolated, an
alternative way to balance the output voltages of each ISOP
system is to balance the resonant currents of each ISOP system.
A comparison of the dynamic behavior between the averaged
output voltages (Vo1 .ave, Vo2,av¢) and the averaged resonant RMS
currents (fisopi,RMS,ave> Jisop2,RMs,ave) Of the ISOP systems is
shown in Fig. 10. There

o Iresl,RMS + Ires2,RMS
Iisop1 RMS.avg = 5 (13)

and

Tres3 RS + Lresa RMS
2

T1soP2,RMS avg = (14)

where Iy ; rus 1S the resonant rms current of the sth SPRC-Bm
[see Fig. 4(a)].
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Fig. 10. Comparison of the dynamic behavior between the averaged out-

put voltages (Voi.avg; Vo2,avg) and the averaged resonant RMS currents
(I130P1,RMS,avg > [150P2,RMS,avg) Of the ISOP systems.

In order that the duty cycle variation AD,,; in the IPOS
control loop does not interfere with the operating point duty
cycle Dop, the decoupling condition

> ADp; =0

has to be fulfilled. The proof that AD,,; is not interfering with
Dop is (for n = 2)

(15)

>~ Alsopi rMS av
RMS.avg
AD, = (n — Alsopi rMsave | Ci
>~ Alisopi RMS av
_ i RMS. avg
AD,y, 9 <n — Alisop2.rMs ave | C1

Al)ml + AD’mQ =0 (16)

with
Alisop2,RMS avg = E Alsopi RMS.avg — Alisopi rMs,ave- (17)

The small signal control block diagram and the open-loop
bode diagram of the output voltage compensation, with (dashed
lines) and without (solid lines) compensator, are shown in
Fig. 11. The compensator C' (s) is a pure integral controller with
T = 0.5, leading to the phase margins of PMyp = 53.6° and
PMj4 = 83.2°

_ b
_ST['

The gain margins are GMyp = 62.7 dB and GM;4 = 65.6 dB,
with fp = 104 kHz and f, = 106 kHz, defining the frequency
range of the droop compensation. The minor influence of f4
and fp on the transfer characteristics is shown in Fig. 11. Since
the droop compensation reduces the influence of the variable
input voltage, the duty cycle to the averaged resonant RMS
current transfer function is derived from the small signal control
block diagram of the reduced IPOS system with fix input voltage

Ci(s) (18)
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Fig. 11.  Small signal control block diagram and open-loop bode diagram of

the output voltage compensation based on the resonant currents of an ISOP sys-
tem, with (dashed lines) and without (solid lines) compensator. The compensator
(' (s) is a pure integral controller with 77 = 0.5 leading to the phase margins of
PM;p = 53.6° and PM; 4 = 83.2°. The gain margins are GMyp = 62.7 dB
and GMy 4 = 65.6 dB.

shown in Fig. 11 as

Alis0piRMS av
Gl (S) = 7AD , g
mz

+ GBm2.AIresl (3) + GBmI,AIresZ(S)
+ GBmZ,AIres2(S)] . Hl .

= [GBml,AIresl (5)

19)

G'Bmi Alres; ($) 1s the resonant rms current transfer function from
the ¢th SPRC-Bm to the jth resonant RMS current and the
constant factor H; = 0.5 to calculate the average.

A detailed derivation of the transfer function G (s) is given
in Appendix B.

2) Input and Output Voltage Balancing by Control: The con-
trol strategy for the ISOP system as depicted in Fig. 12 is dis-
cussed in a first step and afterward the strategy for the IPOS sys-
tem based on the regulation of the output voltages is developed.
In the literature, several possibilities to control ISOP systems
exist. The concepts presented in [11]-[13] show an easily imple-
mentable control strategy that employs just two control loops.
In the considered system, these two loops are further reduced to
one, because Dop, which is responsible for the operation point is
given from a lookup table (LT) (see Fig. 12). To ensure an equal
power sharing of the ISOP system one has to ensure an equal
IVS that automatically results in equal output current sharing
and respectively equal power sharing [12]. For IPOS systems,
equal power sharing is achieved by ensuring OVS that leads to
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IPOS
Dl
—>
Vout
D
n C3 |15
— i
V.
o 7vs D,
—
Vo\ll
n c, 7v§ D,
— i
VOZ
Fig. 12.  Control block diagram of the input and output voltage balancing,

where 7 is the number of ISOP systems. The operation point duty cycle Dop is
given from a lookup table (LT).

equal ICS [12]. In order that both the duty cycle variation A D;
in the ISOP and A D,,; in the IPOS control loop do not inter-
fere with the operation point duty cycle Dop, the decoupling

ZADi =0 and ZADW =0

have to be fulfilled. The proof from (16) for AD,, is still
valid by replacing the resonant currents from Fig. 9 by the
output voltages shown in Fig. 12. The decoupling condition
for AD; is fulfilled by applying the same value AD; for
each SPRC-Bm with opposite sign within an ISOP system.
The small signal control block diagrams and open-loop bode
diagrams of the input voltage and the output voltage com-
pensation, with (dashed lines) and without (solid lines) com-
pensators, are shown in Fig. 13(a) and (b), respectively. The
compensators C(s) and Cs(s) are simple proportional con-
trollers with K5 = 0.025 and K3 = 152.368E — 6, resulting
in a phase margins of PM; = 91° and PM, = 75°. The gain
margins are GM; = 62 dB and GMy = 19.5 dB. Again, both
open-loop functions are evaluated for different switching fre-
quencies (fp = 104 kHz, f4 = 106 kHz) to point out their mi-
nor influences on the transfer characteristics [see Fig. 13(a) and
(b)], hence leading to fix compensator gains for the full droop
compensation frequency range.

Using the transfer functions from the small signal model
of the reduced IPOS system with variable input voltage and
the control loop depicted in Fig. 13(a), the duty cycle to input
voltage difference transfer function can be obtained as

_ AVpLamAVpri
AD;

conditions

(20)

Gs(s) = —Ggmi,avpL1(5)

+ Gem2.AvDLI (S) + GBmi,AvDL2(S)

— Gpmz,AvpL2(5) (21)

where Ggmi, avpr; is the input voltage transfer function from
the 7th SPRC-Bm to the jth input voltage. Due to the droop
compensation the duty cycle to output voltage transfer function
is derived from the small signal model of the reduced ISOP-
IPOS system with fix input voltage and the control loop depicted
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Small signal control block diagram and open-loop bode diagram of (a) the input voltage regulation and (b) the output voltage compensation with (dashed

lines) and without (solid lines) compensator. The compensators C's (s) and C'3 (s) are proportional controllers with K p2 = 0.025 and K3 = 152.368E—6 leading
to the phase margins of PM; = 91° and PMy = 75°. The gain margins are GM; = 62 dB and GMs = 19.5 dB. Both diagrams are given for the frequency range
of the droop compensation to point out their minor influences on the transfer characteristics.

in Fig. 13(b) as

AV
~ AD,.

G3(s) = Ggmi,avoi(s) + Gem.avoi(s)  (22)
where Gpm; avor is the output voltage transfer function from
the ith SPRC-Bm to the first output voltage.

A detailed derivation of the transfer functions Gs(s) and

G3(s) is given in Appendix B.

IV. MEASUREMENT AND SIMULATION RESULTS

In the following, first measurement results of the IPOS sys-
tem [see Fig. 4(a)] utilizing the input voltage balancing by an
auxiliary circuit and the output voltage balancing by control are
presented. Afterward, simulation results based on the input and
the output voltage balancing by control only are shown.

A. Measurement Results of the IPOS System Based on the
Input Voltage Balancing by an Auxiliary Circuit and Output
Voltage Balancing by Control

The measured averaged resonant RMS currents Iisopi,RMs,aves
I1sop2,RMs,avg and the measured ISOP output voltages (Vo 1, Voo,
and V) for a system without output voltage balancing are
depicted in Fig. 14(a) and (b). For compensating the droop the
switching frequency is decreased from 107 to 104.8 kHz [see
Fig. 14(c)]. The measured resonance inductance (Lg), the input
voltages (Vpr), and the load resistor (R ) are given in Table III.

The TPOS system is operated with an output voltage of 23 kV
compared to the nominal output voltage of 25.5 kV, due to the
component tolerances and the different load value (compare
nominal load value in Table IV). Fig. 15 shows all voltages and
currents in case of an active output voltage balancing. The droop
compensation by adapting the switching frequency is the same
as depicted in Fig. 14(c). The applied pure integral compensator
value is 77 = 0.5 and the control cycle of the implemented
control algorithm is 80 kS/s. The output voltages are well
balanced that leads to an equally distributed power stress
between the single SPRC-Bms. Fig. 16 shows the components
of a single SPRC-Bm consisting of a full-bridge with six MOS-
FETs in parallel for each switch, a series inductor Lg, a series
capacitor Cs [see Fig. 16(a)], the high-voltage high-frequency
transformer [see Fig. 16(b)] and an output rectifier with parallel
capacitor Cp [see Fig. 16(c)]. The active input voltage balancing
auxiliary circuit [see Fig. 8(b)], is shown in Fig. 16(d). Two of
these auxiliary circuits are used for the reduced IPOS prototype
system.

B. Simulation Results of the IPOS System Based on the Input
and Output Voltage Balancing by Control

The pure control based approach is more sensitive to the ZVS
reduction due to the input voltage droop and the component
tolerances (see Section III-A1). This can result in destructive
hard switching of the full bridge switches. In order to obtain
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Fig. 14. Measured IPOS signals with no output voltage balancing. (a) Aver-
aged resonant RMS currents I1sop1,RMS,ave»> [1S0P2,RMS.avg- (b) Output voltages
Vor, Voz, and V. (¢) Adaption of the switching frequency for the droop com-
pensation with a start frequency of 107 kHz and an end frequency of 104.8 kHz.

TABLE III
MEASURED COMPONENT AND INITIAL VALUES

Bml Bm2 Bm3 Bm4

Ls(uH) 44 431 425 429
VoL (V) 4008 4002 3993 4017

RL(Q) 1220
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TABLE IV

NOMINAL COMPONENT VALUES WITH TOLERANCES AND INITIAL VALUES
USED FOR THE SIMULATIONS

Bml Bm2 Bm3 Bm4
Ls (uH) 4.241 4.199 4.157 4.199
Cs (nF) 840 840 840 840
Cp (nF) 4.234 4.234 4.234 4.234
i (=) 20 20 20 20
Cp, (mF) 30 31.5 31.5 30
VoL (V) 409.75  390.25 390.25  409.75
Ct (nF) 20 20
Ry () 1150

0.8 i . ‘ | |
< 07} _
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Fig. 15. Measured IPOS signals with active output voltage balancing. (a) Av-

eraged resonant RMS currents 1sop1,RMS, avg» [1S0P2,RMS.avg - (b) Output voltages
Vo1, Voz, and Vi, The adaption of the switching frequency for the droop com-
pensation with a start frequency of 107 kHz and an end frequency of 104.8 kHz
is the same as depicted in Fig. 14(c). The used integral compensator value is
Tr = 0.5.
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< 90 cm >

Full-bridge
6 MOSFETs in parallel
for each switch

(© (d)

Fig. 16. Single SPRC-Bm consisting of (a) a full-bridge with six MOSFETs
in parallel for each switch, a series inductor Lg and a series capacitor C's, (b)
an high-voltage high-frequency transformer, and (c) an output rectifier with
parallel capacitor Cp. (d) Auxiliary circuit for the input voltage balancing [see
Fig. 8(b)].

a robust system, the solution with auxiliary circuit was imple-
mented and the pure control based is, therefore, verified only by
simulations.

Fig. 17(a) and (b) show the input and output voltages in case
the modules have nominal component values plus tolerances.
The inductance values are varied by +1% and the dc-link ca-
pacitance values by 5% with according initial voltages. The
exact values are given in Table IV. All modules are operated
interleaved with a start switching frequency of 106 kHz, an
end frequency of 104.9 kHz [see Fig. 17(c)] and a duty cycle
Dop of 0.8. This results in an output voltage operating point
of 25.5kV (=2 x 12.75kV). The pulse repetition rate is in-
creased to 200 Hz to decrease the simulation times and memory
consumption. In the pulse break after each 3.5 ms pulse, the
dc-link capacitors are recharged to 800 V in total.

Applying the control loops given in Section III-B2 results in a
stable operation as can be seen in Fig. 17(a) and 17(b). The input
voltage controller compensates the voltage difference after four
pulses. During these four pulses, the droop compensation is not
active because the output voltage does not reach the nominal
voltage limit so that the modules are operated with constant
frequency. The output voltage compensation is also achieved
after four pulses. The used compensator values are K, = 0.025
and K3 = 152.368 E—6.
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Fig. 17. (a) Input voltages Vpri, Vpra, Vprs. and Vpra, in case all con-

trol loops are active. (b) Output voltages Vo1, Voo, and V. (c) Adaption
of the switching frequency for the droop compensation with a start frequency
of 106 kHz and an end frequency of 104.9 kHz. The compensator values are
Kpy = 0.025 and K3 = 152.368E—6.
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V. CONCLUSION

In this paper, a large signal model for a nested ISOP-IPOS
system with non constant input voltages is presented in detail.
Additionally, the transition to the small signal model is derived.
Two control strategies for an optimal power sharing, input and
output voltage balancing are given for the nested system. In the
first case, the input voltage balancing is achieved with the help of
an auxiliary circuit and the output voltage balancing by control
of the resonant currents. The performance of the proposed con-
troller is demonstrated with measurement results. Furthermore
an input and output voltage balancing by control is presented
and verified by simulations. In addition, the effects of the output
voltage droop compensation of the IPOS system depending on
the dc-link capacitor and resonant tank components tolerances
is shown.

APPENDIX A

The full set of equations of the reduced IPOS system con-
sisting of four SPRC-Bm with variable input voltage is given
below. Each set (25), (26), (27), (28) is for a single SPRC-Bm.
Equations (23) and (24) are the linking equations for the parallel
output connection of the ISOP system and the series output con-
nection of the IPOS system. Equations (25¢e), (26e), (27e), and
(28e) consider the variable input voltage of each SPRC-Bm. All
equations are related to Fig. 4(b) and all magnitudes and com-
ponents are transferred to the primary sides of the transformers
with R| = Ry /i, C}, = Ct,1i?, and C}, = Cp,ii. If a sys-
tem with constant input voltage is investigated x1¢, 211, T21,
and x99 have to be replaced by Vpro, Vbro2, Vbros, and Vproa
and (25e), (26e), (27e), and (28e) are removed from the system

o x5 + Z16 " 2\/3&‘% -‘rl‘% [1+ cos()]
? CiRy. Cim
2/ x2 + 22
L cos(y) (23)
) T a5 | 2¢/a3, + a3
Tig = + [1 4 cos(¢3)]
ChR| Chm
2/ a2 + a2
+ ST I8 4 cos(ihy)] (24)
Chm
(D ) )
& = x10 sin(Dr) rztzyta + (25a)
7TLS LS
by — zio[cos(Dm) — 1] rxy +aa tap wr, (25b)
7TLS Ls
.’£‘3 = Fsl’l + wxy (25C)
1
.’E.4 = FSIL‘Q — WIs3 (25d)
) (4y/2? + 23 — 225Chw) x5 1
— = 25
o ™ x19 CpLi (25¢)
Ty = (1 sin(1p)? + o) (25f)

U
TChw
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xp = @(% sin(¥)* — 1) (25¢)
x5 Chw
cosY =1 — —— (25h)
Vi + a3
p =1 — sin(y)) cos(¢)) (251)
in(D
_ T sin(Da ) rae + a8 + xa?—i—wm (26a)
mLs2 Ls>
= x11[cos(Dym) — 1] T 4T + Ty wig (26b)
7TL52 LSZ
Ty = axﬁ + wxg (26¢)
1
17'9 = 07521’7 — WIg (26d)
o 4\/% + .137 225Cpyw) x5 1 (26¢)
M 211 Cpra
Loy = @(xﬁ sin(1s)* + 27p9) (26f)
1 . 9
Ty = @(17 sin(12)” — wepi2) (26g)
25Chow
costhy =1 — NCET: Ta:% (26h)
= 1/}2 — Sing (1/}2) COS(l,ZJQ) (261)
21 D
2y = xa1 sin(Ds) _TT1p + T4 %3_~_w$13 (27a)
mLs3 Lg3
pie = X1 [cos(Dsm) — 1] T2z + &5 + T3 o
13 wLes Tss 12
(27b)
i 1
T4 = 07533612 + ww1s (27¢)
. 1
T15 = @xg — WT14 (27d)
oo = — (4y/235 + x13 2216Cpyw) 716 1 27¢)
2 z21 CpbLs
1
Te3 = @(3012 sin(v3)* + 133) (27%)
1 .
Tp3 = m(xlg s1n(1113)2 — T19l43) 27g)
xlﬁCf,gw
cosy =1 — ——=— (27h)
v Vol + i
p3 = b3 — sin(13) cos(v3) (271)
in(D
vir — L9 sin(Dym) _rri7 +T19 + $a4+ W (28a)
7 Ls4 Lsq4
g = zo2[cos(Dym) — 1] raig + X0 + Tpa e (28b)
mLs4 Lsy
. 1
T19 = 075496‘17 + w2 (28¢)
Ty = = —T18 — WT1g (28d)

Cs4
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TABLE V
COMPONENT VALUES AND OPERATION POINTS OF THE SPRC BMS OF AN IPOS
SYSTEM WITH FIXED AND VARIABLE INPUT VOLTAGE, USED FOR THE
LINEARIZATION

Bml Bm2 Bm3 Bm4
Component and operation point input values
Ls Ls> Ls3 Lsy (uH) 4.199
Cs Csa Cs3 Csy (nF) 840
Cp Chy Chs Chy (1F) 1.696
r r r r Q) 0.01
Ct Ch (uF) 8
Rl Q) 2.875
CpLi Cpra CpLs Cpra (mF) 30
wo wo2 wo3 wo4 (krad/s) 27106
Dy Do2 Dos Doy (-) 0.8
Operation point magnitudes of a system with fixed input voltage
Vbro VbLoz VbLos Vbros (V) 400
Z01 06 012 017 (A) —324.11
T2 o7 013 To18 (A) —422.94
Zo3 Z08 To14 Z019 (V) —755.98
04 09 015 020 (V) 579.33
o5 016 (V) 635.88
Operation point magnitudes of a system with variable input voltage
010 011 Z021 022 (V) 380.15
Z01 Zo6 012 Zo17 (A) —308.29
02 To7 013 To18 (A) —402.01
o3 o8 To14 019 (V) —718.59
Zo4 Zo9 015 2020 (V) 551.08
x5 T016 (V) 604.65
2 2 !
) ri. + xte — 2x16Ch,w) T 1
2y — AV + 2Yg = 2216Cpaw) 21 (28¢)
™ T2 CpLy
: 2
Tas = —— (217 8in(Ys)” + @15/0a) (28f)
TCpyw
: 2
Ty = ——(T18sin(ha)” — x1744) (28g)
s P4w
.%‘160/ w
costhy =1 — ——E— (28h)
V&7 + T
pha = Py — sing (¥4) cos(thy). (281)

APPENDIX B

The derivation of the transfer functions of an IPOS system
consisting of four SPRC-Bm with variable and fixed input
voltage, G(s),G3(s), and Gi(s), used for the controller
design, is given in the following. After the linearization of the
equations in Appendix A around a chosen operation point,
given in Table V and by reintroducing the linearized state-space
equations from (9)

Az = AAz + BAu

Ay = CAxz + DAu 29)
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the state vector Az and the input vector Awu for an ISOP system
with fixed input voltage are given as

Al‘lsop!ﬁx = [A$1 AJZQ A$3 AJZ4 AJJ5 AJZG A1‘7 A.l?g Al‘g ] g

CAD
Aw
Ausopfix = i‘g}:
Awoy
L AVpra |
The system matrix A and the input matrix B are derived as
[a11 a2 a3 0 a5 O 0 0 0 T
as1 ass 0 asy ass O 0 0 0
a1 0 0 azs O 0 0 0 0
0 age ags O 0 0 0 0 0
Asopfix = las; asa 0 0 as; asg asy 0 0O
0 0 0 0 ag; agg agr ags O
0 0 0 0 ars arg a7 0 arg
0O 0 0 0 ass 0 0 as
0 0 0 0 0 0 ap as 0 |
[b11 b1y biz 0 0 0]
bar b2 b3 O 0 O
0 b3o O O O O
0 by 0 O 0 0
Bisopsix = | 0 052 0 0 055 O
0 0 0 bes bes bes
0 0 0 by brs b
0 0 O O bgz O
0 0 O O by O

It is assumed that all four SPRC-Bms have the same component
Values, therefore, a1l = Age, A12 = Ag7, A13 = A8, A15 = Ag5,
az1 = Qr¢, Q22 = Ary, Q24 = A79, azy = ase,
a34 = agy, Q42 = Qg7, A43 = dgg, A51 = 56, A52 = A57, and
as; 1s the coupling coefficient between both SPRC-Bms
in the ISOP system. Also, bi1 = bgy, bia = bgs, b1z = bgg,
ba1 = b7y, bay = brs, bag = brg, bza = bgs, bia = bys, and

a25 = a7s5,

bs2 = bss.

The coefficients for the system matrix A are given below
and the subindex ( signals the corresponding operation point
magnitude of the state and input variables

5Cpwy Z.
7 = _560?;# (30)
Zs
Zy = leoﬂfosfvm(*CPZS/QWox% + Z2) 3D
Zs = 205 Cpwor/ Zs — 275 (32)
T . 205 Cpw
Zy = 5~ arcsin <—1 + O—ZPSO> (33)
Zs = xl +ady (34)
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Zy

Zy

a1y

a2

ais

a5 =

a1 =

a2 =

_ Zy 5 T2
Lsﬂ'pr(%Zgl‘og;Zg Ls7‘l’C’pL4J()Z52

(35)

o501 T0124

 LsnZ?z, " LstCrwn 22

(36)

= 7woZl(prZ§’/2woxU5Z5 + l’gl + 1'82
+ 32535, 255) (37)

- Tos - Zy
Ls7TLU0Z53/2Z1 LSWCPWOZZE)
ZSﬂLrL Z1

wo

- LsWCpuJ()2Z53{,E()523 B stpr02Z5
2.’1?05 .T%l
= (——1] + 1—
L57T\/Z5 <Z5
r 202 ( 1 N 1 )
VZs  Cpwozos
1
7 R
( 1+ Z1>

{29602%01 — 2\ Zs

(38)

(39)

23:(2)1
Zs

CpWol’%S
Z5 Lsﬂ'

)

LS + Ls’lTZgLUO Zg

Lo2L05L01

e 40
Len Z5%/? “0)

- To5
LgnZY)?
1 -+ 7+ Z
+a5 <Z_ - -
1

Z1 =2
a4 Lstwwg

pro$01ﬂfo5)]
V Z5w02

‘,1/.2‘
Zy 72 (VZ5 — Cowowos)

+wp +
Ls’/Tprg Z55/2£U()5 Z3

(41)

-1
_LS

= Q24

(42)
_ Cpwozo1 05 B 2201 + 20221 + I—Z%
0.5L37TZ5 Ls’l'('\/ Z5

n T02Zs (V25 — 205w0Ch)
Ls’/’Tpr%Zg/2.’EU5Zg

(43)

P

_ —Cpwo 0125702
p)

0.5LsmZs

— $0125(Zﬁ + Z7) — W
2wqo

2
I01x05(mm *Zl) . AR n Zyx01
Ls7rZ§/2 Lsm/Zs LSWZ§/2wOZg

T (7T — Z4 — Zl)(Zg) -+ 2!17%1) — 2711%%1
L57Tpr()Z5

<1

Z3%02
Lsﬂ'Zg/QW(;)Zg
_ 2mowoi (Z1+Zy)

LstT(UJ()Z5 L_S

(44)

2
_ IEO5CPWU
L57TZ5

1‘05(2.1‘(2]2 — l‘ogzlxm — 2Z5)
LsnZ3/?

(45)
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Zixor + %L — 2x02 _ 23701 (Z5 — a)on\/Z_5$05)

425 = Lsﬂ'\/ Z5 Ls7TCngZgl'05Z3
CpwoTo2T05 46)
0.5Ls7Zs
1
asy = aq2 = Cs 47
azq4 = —a43 = Wy (43)
4
G5 = — (49)
Cf Z57T
4
gy = ——202 (50)
Cf Z57T'
1 1 Chwy Cpawp2
S —9 . 51
55 Ck ( Ry T T D
Next, the coefficients for the input matrix B are given below
\% s (D
by = %(077) (52)
S
by — Crazoixgs w0228 (woxosCp — vZ5)
LsmZs LsmCp 22w Zs
w2 (7 — Zy — Zy) T02Z05
— + 53
Lsﬁprg LsﬂwU\/Z521 02 ( )
sin (D7
bis = % (54)
ST
\% in (D
by = _%(OW) (55)
S
Crxoo1?
byy = —oL2205 01 Zs(Zo + Zio) — xon
Ls’iTZ{,
n Zsfﬂso/szxm T i (56)
Lsn w2 Zs  LsCrwp
cos (Dym) — 1
bos = (L# (57)
ST
b3z = To4 (58)
b42 = —Xp3 (59)
2205 Cp
bso = — . 60
52 Con (60)

For an ISOP system with variable input voltage the state and the
input vector are written as

T
Azisopvar = [ [Azisopsn]” Az19 Azyy |

AD
Aw

AD,
AWQ

Auisopyar =

where the input vector Azsopyar 18 composed of Azsopsyx and
the variable input voltages Axqy and Ax;. The input vector
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Ausopyar 18 reduced to four inputs. Also the system matrix
Ajsopyvar contains Ajsopsix With identical coefficients and is de-
rived as

AISOP,var -
r a0
a0
0 0
0 0
Asopix 0 0
0 a1
0 arn
0 0
L i 0 0
ajor a2 0 0 aops 0 0 00 agppp O
0 0 00 aily a1 ai1y 00 0 ariil |
The additional coefficients of Ajgopyar are
T01T05
ajpy = —4———-— (61)
VZ5m010CbLi
Zo2L05
ajpr = —4d——7—-—— (62)
vV Z5mx010CbL1
NV~ C
105 = 74( 5 — 205 Pwo) (63)
2010CpL1T
205 Cpwy — 2/ Z5 ) To5
ailo = —2( 3 ) (64)
m2010°CpL1
sin (D,
ajlo = M (65)
Lsﬂ'
cos (D, -1
agy = B0 ~1 (66)
L57T

with aji10 = @11, G210 = Ar11, Qo1 = G116, G102 = A117,
a1o5 = ai15,and ajg10 = ar111-
The input matrix Bisopyar is given as

Fbi1 bz O 0 7
0 b3 0 0
0 by 0 0
0 bsa 0 by
Bisopvar = | 0 0 b3 bes
0 0 bz bu
0 0 0  bgy
0 0 0  bgy
0 b O 0
L0 0 0 bl

where the coefficients by, b1o, ba1, bas, b3, bys, and by are the
same as the coefficients of the matrix Bisopsix, unless in by
and by1, Vpro is replaced by 1. Within the matrix Bisopyvar,
the coefficients are bll = b63, b12 = 654, bgl = b73, b22 = b74,
b3a = bgy, by = byy, bsa = bs4, and b1z = b114 with

21‘(2)5 Cp

_— (67)
T2010CbLi

bigo =
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Finally, the state-space representation of the IPOS system either
with fixed or variable input voltage is given with the state vector

T
Azpos = [ [Azisor1]” [Azisora]” ]
and the input vector

Aupos = | [Aussopt]” [Aulsopz}T]T

The state matrix Apos is formed by the two ISOP state matrices
in the diagonal and the coefficients

1
B 68
1= T O R (68)
and
1
= 69
au CraRy (69)

if an ISOP with fixed input voltage is considered. If an ISOP with
variable input voltage is considered, as14 — as16 and aj45 —
a165, calculated with (68) and (69). The rest of the matrix is
filled with zeros. The coefficients asi4, @145, a516, and aqg;
represent the series output connection of the ISOP systems

- 0 --- 077
as514,
Aisopi as16
0 --- 0
Apos =
0 --- 0
145,
a165 Aisor2
Lo - 0 |

The input matrix Bipog is formed by the two ISOP input matrices
in the diagonal and zeros elsewhere

Bisort 0

Bipos =

0 Bisor2

The output voltage and the RMS resonant currents are the output
equations of the fixed input voltage ISOP system

Yiax = @5 - U = Vo1 - i (70
Yo fix = 4/ 2(2? 4+ 23 = LesirMs (71)
Yafix = \/2(23 + 2% = LeprMs (72)
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with & = 20, which is the transformers ratio. After the lineariza-
tion of (70), (71), and (72), the output matrix Cypos fx Of the
IPOS system is given as

Crros.fix =
0 0O 0 0 @ O 0 0 O 0
6218220000 000,3X9
0 0 0 0 O C3g C37 0 0 0
with the coefficients
V2
Oy = — (73)
V Zo1 T T2
2
\/_9302 (74)

Cag =
3 P)
V Ty T T
where c36 = co1 and c37 = c99, due to the same component

values of all SPRC Bms. The output equations of the IPOS with
variable input voltages are

(75)
(76)

Yivar = T10 = VDLI

Yovar = T11 = VpL2

leading to the output matrix Cipos,var Of the IPOS system

CIPOS,var =

0 00O0O0O0OO0OO0OTO 0OT1TSF®O0 0
000 0O0O0OO0OO0OO0OO0T1|"2x11

Reintroducing

G2(s) = —GBm1,avpLi1(S) + Gemz,avpL1 (S)+

+ Gemi,avpL2(s) — Gemz,avpL2(s) 77

and using the state-space equations of the variable input voltage
IPOS system the transfer functions forming G2 (s) are derived
as

GBmi,AvpLI(S) = AAVID)LI N (78)
Gom2,avoLi () = AAVBI;I AD,Aw,Awy =0 )
Gomi.avora(s) = AXID)LZ Aw,ADy Awy =0 e
GBm2,AvDL2(S) = AA‘;];;Z N (81)

Using the state-space equations of the IPOS system with fixed
input voltage, the transfer functions forming G5 (s)

G3(s) = Gm1,avo1(s) + Gema,avoi (s) (82)
and G1(s)
G1(5) = [Gpmi1,Alres1 (8)+ GBm2, Alrest (8)+
Gimi,Atres2(5) + Gemo, Atres2 ()] - Hi (83)

TABLE VI
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NOMINATOR AND DENOMINATOR COEFFICIENTS IN S-DOMAIN OF THE
TRANSFER FUNCTIONS

G1(s)
Z(s) N(s)
bo 347.858141666217 E30 ag 320.874817640644 E27
by 87.8086792032053 E27 al 99.7921833632613 E24
) 5.08050633578414 E24 a9 8.26581530811099 E21
bs —94.1273080386993 E18 a3 165.063231946826 E15
be 7.48114064263216 E12 ay 1.35900330214233 E12
b5 129.640460164061 E06 as 222.894213465120 E03
be 0 ag 1
Ga(s)
Z(s) N(s)
bo 10.1212247856719 E27 ag 3.79065890642367 E24
by 182.008775742464 E24 al 827.226019150503 E21
) 8.52047738455378 E21 a9 13.6251584893958 E21
bs —1.06934095719994 E15 as 135.072774356601 E15
be 11.7186228653460 E09 ay 1.37063207938328 E12
b5 0 as 185.741250905273 E03
be 0 ag 1
Gs(s)
Z(s) N(s)
bo 329.836149464061 E33 ag 12.9421960277760 E30
by 23.0516073912384 E30 al 1.76733652416190 E27
by 421.040002120177 E24 a9 43.7851209147386 E21
b3 —34.4322590784590 E18  as 461.534766030359 E15
be 581.373641944023 E12 ay 1.40764795593576 E12
b5 292.448439615617 E03 as 441.215443874179 E03
bg 0 ag 1
are given as
AVpy
GBm1,avol(s) = AD (34)
Aw,AVpLi,ADy,Aws ,AVpa=0
AV
Gem2,Avo1(s) = AD (85)
2 IAD,Aw,AVpLi,Aws ,AVp2=0
respectively
AIresl RMS
GBml,AIresl (5) = A—b (86)
Aw,AVpL1,ADy,Awy,AVpr2=0
AIresl RMS
GBmZ,AIresl (5) = T (87)
2 AD,Aw,AVpL,Aws ,AVpr=0
Al rRMS
GBml.AIresZ(s) = T (88)
Aw,AVe,ADs, Aws,AVia=0
Al RMS
GBm2,AIres2(S) = T (89)
2 |AD,Aw,AVii1, Aws , AVia=0
Finally, the coefficients used in
Z(s b 8™ +bp_15™ P4+ bis+b
G(S) _ ( ) _Im m—1 1 0 (90)

ApS" 4 ap_ 15"+ ... ars+ ag

which forms the transfer functions G (s), G2 (s), and G;3(s) are
given as a balanced realization [25] in Table VI.
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