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Analysis and Evaluation of 99% Efficient
Step-up/down Converter based on Partial Power
Processing

Chao Liu, Student Member, IEEE, Zhe Zhang, Senior Member, IEEE,
and Michael A. E. Andersen, Member, IEEE

Abstract—A step-up/and down converter based on par-
tial power processing is proposed in this paper. With the
same state equations, the step-up and step-down modes
have the same small signal modelling. Therefore, a unified
control strategy can be designed for both operating modes,
achieving the auto-switching between two operating modes
without requiring any additional control. The effect of the
transformer’s turn ratio on the current and voltage stresses
is then analysed. The component stresses are reduced due
to the decoupling of transformer. Moreover, the compo-
nent stress factor method is implemented to evaluate the
proposed step-up/down partial power converter. Compared
with conventional step-up or step-down partial power con-
verters, the proposed converter has the least component
stress factor for a high voltage electrolysis system. In order
to validate the proposed topology and modulation strat-
egy, a 400 V prototype is implemented and experimentally
evaluated. Measurement results confirm the high efficiency
in the overall voltage range, and the maximum efficiency
exceeds 99.5%.

Index Terms—Partial power converter, step-up/down
voltage regulation, small sighal model, component stress
factor, high efficiency.

[. INTRODUCTION

ECENTLY, partial power processing (PPP) technology

has presented significant advantages in power converter
downsizing and efficiency improvement [1], [2]. Different
from conventional full power converters (FPCs), a small
portion of the power being processed by the partial power
converter (PPC). In other word, the most considerable amount
of energy flows directly from the source to the load without
being processed, resulting in the reduced power rating of
power electronic devices and systems [3]-[6]. Therefore, PPC
has been an attractive solution in different applications, such
as solar photovoltaic systems [7]-[14], energy storage systems
(ESSs) [15], [16] and electric vehicle (EV) fast charging
stations [17]-[19].

The PPC circuits contains the subcategories of series-
connected PPC (S-PPC) and parallel-connected PPC (P-PPC).
The P-PPCs are usually employed in PV module strings, also
widely called as differential power processing, which achieve
maximum power point tracking (MPPT) at fractional currents
regulation [14].

S-PPC was first proposed for photovoltaic applications in
the spacecraft applications [20]. S-PPCs achieve partial power
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Fig. 1: Basic S-PPC architectures.

processing by only regulating the difference between input and
load voltage, namely one terminal of the S-PPC is connected
in parallel with power source or load and another terminal is
connected in series with the power source as well as the load.
Consequently, the typical basic circuit connection architectures
of S-PPCs based on unipolar dc-dc converter can be derived, as
shown in Fig. 1, where consists of two main categories: step-
up PPC (SU PPC) and step-down (SD PPC). The architectures
shown in Fig. la and Fig. 1b are named SU-I and SU-II type
PPC respectively, as the load voltage is to the sum of V;,
plus V.. In contrast, the load voltage in Fig. 1c and Fig. 1d
is equal to the difference between V;,, and V., resulting in a
step-down regulation. The processed power by the converter
in the typical PPCs are given in (1).

Woad‘ : Iload
Woad' : Izn

It can be observed that P. gy_yr is larger than Vi, - I,
when Vj,qq is larger than 2V;,, and P. gp_; is larger than
Vioad - Lioaa When Vigeq is smaller than 0.5V}, namely SU-II
and SD-I PPCs have the limited load voltage range of V;,, ~
Vin and 0.5V}, ~ V;,, respectively.

Since Ij,qq is smaller than [;, in SU PPCs and larger than
I;,, in SD PPCs, the processed power of SU-I and SD-II PPCs
are smaller than that of SU-II and SD-I type, which consistent

P.su_1=P.sp_1 =|Vin —
' )]

P.sv—r1=P.sp—ir = |Vin —
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Fig. 2: Configurations of the proposed SUD PPC.
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Fig. 3: SOEC stack voltage as a function of the current.

with the results obtained in [21] by Continuous Power Models
(CPMs) and VA interpretation.

The partial processed power only evaluates the PPCs at
architecture level. Therefore, the more accurate and compre-
hensive methods are necessary to the analysis of specific
PPCs. To demonstrate the concept of PPP, the nonactive
power was evaluated on a partial active power buck-boost
converter in [22]. The comparative evaluation of PPCs for
PV panel-integrated DCDC converter has been presented in
[23] by using the component load factors (CLF) method. [24]
presented a comparative analysis of the Isolated Full Bridge
Boost (IFBB) topology and Active Bridge (DAB) topology for
the SD-PPC application based on the method of component
stress factor (CSF), and the results show that IFBB topology
has the lower CSF. Moreover, an approach to extract state-
space averaged equations and small-signal model (SSM) of
PPC from the dynamic equations of the FPC is presented in
[25].

On the other hand, SD-I and SD-II PPCs can be obtained by
changing the polarity of V, in SU-I and SU-II PPCs respec-
tively. Consequently, the Step-up/down PPC configurations
can be derived by replacing the unipolar converter with the
bidirectional bipolar converter in SU-I and SU-II PPCs. The
SUD PPC architecture based on SU-I PPC is preferred due to
the lower processed power at SU mode [26], and is therefore
analysed in detail in this paper. Compared with the SD and
SU PPCs, SUD PPCs have more complicated modulation and
control strategy due to the two operating modes. Therefore, the
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simply control strategy and nature mode switching modulation
strategy are crucial to further enhance SUD PPC application
prospects.

This paper proposes a high efficiency SUD PPC topology
for a high voltage solid oxide electrolysis cells (SOEC) system.
High temperature steam electrolysis based on SOEC is a
promising way to produce hydrogen with high efficiency. Fig.3
shows the V-I profile of a typical SOEC stack, which can be
seen as a voltage source connected with a resistor in series.
Due to the low operating voltage of the individual stack,
approximately 26.7 to 33.5 V, connecting multiple stacks in
series to increase the voltage level is a trend to increase the
power rating of SOEC systems. When the dc bus voltage is
400 V, the peak power of a 13-stack series SOEC system
based on the given stack is 7.4 kW with the voltage range of
347.1 V to 435.5 V. Therefore, the efficient SUD PPC with
the output voltage range of 350 to 435.5 V is designed for the
high voltage SOEC system in this paper.

The rest of this paper is organized as follows. The operating
principles of the proposed topology in both operating modes
are expressed in details in Section II. According to the operat-
ing principles analysis, the small-signal model (SSM) is built
and the two operating modes have the same SSM, resulting
in the unified controller. The current and voltage stresses are
analyzed to present the effects of the transformer’s turn ratio in
Section III. Then the approach of CSF is implemented to com-
parative evaluate the proposed topology and the conventional
PPCs, and the results demonstrate the improvements resulting
from the transformer. Section IV presents the experimental
results of a 400 V prototype for the SOEC system to verify
the feasibility and practicality of the topology and modulation
strategy. Finally, Section V concludes this paper.

II. OPERATION PRINCIPLE AND SMALL SIGNAL
ANALYSIS

A. System design and power analysis

Fig. 2 shows the two iso-structures of the proposed SUD
PPC, which consists of one low-voltage H-bridge with Dj_4
(HB,), the high-voltage H-bridge (HB-), the inductor L and
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Fig. 4: Modulation signals and theoretical waveforms of the
proposed topology.

a high-frequency transformer (HFT) with n turn ratio. The
two iso-structures can be seen as the identical converter, only
with different load positions, as they have the same topological
characteristics, i.e. the same operation processes and voltage
gain. In both H-bridge converters, the diagonal power switches
have the same control signals. The control signals of S 4 and
Ss.g are 180 degrees lagged behind those of S 3 and Sg 7,
respectively.

Defining d, and d, are the duty cycle for the S;_4 and
Ss_g, respectively, the modulation signals are generated by
comparing d, and ds with the carrier waves. Fig. 4 shows
the Modulation signals and theoretical waveforms of the
proposed converter in both SU and SD operating modes, where
T, is one completed switching period; Sy 4, S2.3, S5 and
Se,7 are modulation signals of the corresponding switches,
respectively; 714, 23, t58 and ig7y are currents pass though
the corresponding switches, respectively; ¢;, and vy are the
current and voltage of the inductor, respectively. The operating
principle of proposed topology is analyzed with the following
assumptions.

1) Magnetizing inductance is assumed very large.

2) All the components are ideal and lossless.

3) Leakage inductance of the transformer is neglected.

4) The transient process of switching is very fast and ne-
glected.

B. Step-down operating mode analysis

In the SD mode, S5_g are always off-state, thereby HB,
operates as the rectifier, which requires d, to be always equal
to 0. Fig. 5 shows the corresponding equivalent circuits during
the first two intervals in Fig. 4 (¢1-t2 and t2-t3). The operating
process in each interval of the step-down operating mode is
analyzed as follows.

© 2022 IEEE. Personal use is
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1) State_SD1: ti-to

In this subinterval, S;_4 are all on-state, the current across
the inductor (¢7) uniform flows through both arms of HB1,
namely 714 = 423 = 0.5 X iy, as shown in Fig. 5 (a). Power
is transferred from source directly to load. Since no power
flows through the transformer and HB,, the power processed
by the converter can be seen as zero in this period. The
inductor charges and ¢; increases. The inductor voltage vy,
is equal to the difference between input voltage v;,, and load
voltage vjoqq. The duration of this process is (ds-0.5)xTs.
State equations for this subinterval are given by (2).

dig,

L— = Vin — Vioad
dt
dch Vioad (2)
C = —1
2t R F

2) State_SDQ: t2-t3

At to, So and S3 are turned off, 14 is increased from half
of iy, to iy, while io3 is decreased from half of ij to zero.
Therefore, the current in HBo flows through the anti-parallel
diode of S5 and Sg, as shown in Fig. 5 (b). vy and v.g are vy,
and v;,, /n, respectively. The inductor discharges in this period,
and ¢;, decreases. The duration of this process is (1-ds)xTs.
State equations for this subinterval are given by (3).

Ld(;tL - (n — 1) Vi — Vioad

dvc2 Uloag . (3)
C = —1
2t R *

At t3, So and S5 are turned on again. The operating state of
this subinterval is the same as State_SD1. At t4, S7 and Sy
are switched off, the current through 53 is increased from half
of iy, to ¢;, while the current through the ¢4 is decreased from
half of ¢;, to zero. Therefore, the 4th steady-steady operating
process is symmetrical to the State_SD?2.

Consequently, the four operating states of the step-down
mode are symmetrical. According to the analysis, the converter
works as the isolated boost converter in SD mode. The
following equation calculates the output voltage by applying
volt-second balance to the inductor over one switching period
where V;,, and Vj,,q are the DC components of v;,, and v;5q4,
respectively.

(n+2d, — 2)V;

‘/load = ML7 0.5 < ds < 1 (4)

n

C. Step-up operating mode analysis

To achieve the SU voltage regulation, D;_4 works as the
rectifier to provide the negative voltage and S;_4 are always
on-state, i.e. d, is always equal to 1. The operating process
in each interval of the step-up operating mode is analyzed as
follows.

1) State_SU1: t5-tg

In this subinterval, the state of the switches is identical to
that of State_SD2. However, the inductor discharges and i,
decreases in this period. The duration of this process is (0.5 —
dq) xTs. The equations of this subinterval are the same as (2).
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2) State_SUZ: t6't7

At tg, S5 and Sy are switched on, v,, and v.q are equal
to v, and v, /n, respectively. The positive v.q blocks D
and Dy, thereby iz, only flows through S3 3 and Dj 3 in HB;.
The duration of this process is (d,)xT,. Equations of this
subinterval are given by (5).

LdlfL = (n + 1) Vin — Vload
df n (5)
Cy Ue2 _ Vioad iL
dt R

At t7, S5 and Sy are turned off, the operating state in this
subinterval is identical as State_SU1. At tg, Sg and S; are
switched on, and ¢; flows through S; 3 and D; 3 in HB;
due to negative v.q, i.e.—v;, /n. Therefore, the steady-steady
operating process in this subinterval is symmetrical to that of
State_SU2. In SU mode, the proposed converter works as
the inverting isolated buck converter with the input voltage of
v;,, and output voltage of v.o. Applying volt-seconds principle
again, the output voltage in step-up mode is obtained by (6).

(n+2d,)V;

‘/load = ma 0 < dq < 0.5 (6)

n

D. The unified modulation strategy

According to (4) and (6), Vj,qq at dg=1 is equal to that
at d,=0, which is equal to V;,,. Replacing d, and d, with the
unified modulation ratio u, the one unified expression of Vj,q4
for both operating are derived by (7).

(n+2u—2)V;

Viead = no05<u<l5 7)

n

© 2022 IEEE. Personal use is

ermitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/ri

The expressions between v and dg as well as d, are given by
(8) and (9), respectively. When u is smaller than 1 and larger
than 0.5, d, is always 0 and d; = u, namely Ss_g are all
switched off, the converter operates in SD mode. Conversely,
when u is smaller than 1.5 and larger than 1, ds is always 1
and ds = u, namely S;_4 are all switched on, the converter
operates in SU mode. The transition between the two modes
occurs at u = 1.

= H < 1
d u 05<u< )
=1 1<u<15b
=0 0.5 < 1
dq <u< )
=u—1 1<u<1b

According to (7), Fig. 7 plots voltage gain, k, versus u
with different n. The unified modulation strategy enables
automatic switching between two operation modes without
requiring any extra information, such as voltage direction and
current direction, etc. Rearranging (7) results in the following
equation.

nk —n
2

It can also be observed that n and k are inversely propor-
tional for the specific duty ratio range. That is, the range of n
decreases as voltage gain range increases.

For a given range of k£ and w, n should meet the following
conditions.

+1 (10)

u =

2 min — 1

Sl <1

— 7 Umax
kmaw -1

To avoid the short circuit in HBy and open circuit in HB1,
the maximum and minimum limits of u are set to 1.4 and
0.6 respectively, ie. 0.6 < d; <1and 0 < dy < 0.4. As a
result, the maximum n of the SUD PPC in this system is 5.3,
rounded down to 5.

Since all components are ideal and lossless, the processed
power of the converter (P,.) can be obtained by (12).

P, = |‘/zn - load| “Aioad = |1 - k|‘/zn “L1oad
_ 1k
= ? .
where Ps = ‘/;77, ' Izn = Woad . Iload~

(12)

Py
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Fig. 8: Processed power versus k.

Fig. 8 plots the processed power ratio (K (P)) of the con-
verter versus voltage gain. It can be seen that the proposed
topology achieves partial power processing when voltage gain
is larger than 0.5. At k = 1, K(P) is equal to 0, meaning that
no power is processed by the converter.

E. Small Signal Modeling

Based on the state equations for each interval of steady-
state operation described above, both operating modes have
the identical averaged state equations with the proposed mod-
ulation strategy, which are expressed by (13).

Ld$L> _ (n+2u— 2) -<’Uin> _ <Uload>
n (13)
C d Uc2> _ <Uload> _ <Z >
*Tat R g

Since ve2 = Vin — Vioads (13) can be arranged in Laplace
domain as

LS<ZL> = w : <vzn> - <vload>
: n (14)
(025 + E)<Uload> = C2S<vin> + <ZL>

Introducing perturbation around the steady state value for
the state variables and other quantities such that(i) = Iy, +
ir, <'Uzn> = Vin + i}\in; <Uload> = Vioaa + ﬁloadyu =U+ a7
then small signal AC model in matrix form is derived

5)\load A12 A12 6271
load | _ 4 i 15
el
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TABLE I: Simulation System Specification

Symbol Parameter Value
Vin Input voltage 400 V
L Output inductor 15 uH
Co Output filter capacitor 10 pF’
n turn ratio 5:1
R Load resistance 70 Q
fs Switching frequency 100 kHz
11 AR AL B IR RN1 B IR I ]
B 60 |-t et ﬁ‘ —————————— :
9 \
_E 77 ) S s S B —TT \\\ ,,,,,, 4
% ——u=1.15in PLECS \(\
= 00\ ossieees || NS
0 SSM in MATLAB
10 100 1k 10k 100k
Frequency (rad/s)
of RETH R ALY ]
A e -
1
I et S o o A -
2 ]
£135 [ oiismeecs | ,A\ T
180 | |——wu=08simPLECS | Y, -
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10 100 1k 10k 100k
Frequency (rad/s)

Fig. 9: Frequency response of the control-to-output voltage
transfer function.

where
1
nLCyRs? +nLs +nR

Ay = (n+2u—2+s*LCy)R
Az = 2RV,

Ay — A11(1 + sCoR)
R

Ags = 2(1 4 sCoR)V,.

Based on (16), the control-to-output transfer function can
be obtained by setting v;,, = 0, which results in the following
equation:

A:

(16)
— ASCQ

Vlo 2RVin
Gog = Ul/\ad 3

= 17
U 19, =0 nLCyRs% +nLs+ nR an

In order to verify the proposed SSM, a simulation has been
built in PLECS and the system specifications are listed in
Table I. The ac sweep analysis of the control-to-output transfer
function has been analyzed in the cases of v = 0.8 (SD mode)
and u = 1.15 (SU mode). The frequency response curves are
plotted in Fig. 9, where the red and blue curves present the
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Fig. 10: Block diagram of the unified controller for two
operating modes.

TABLE II: Main Specifications of the HV SOEC System

Ps,ma;c Pc,mam ]Load,ma:c

Vi Vload,maac

400 V 4355V 73 kW 0.6 kW 17 A

TABLE III: Component Voltage Stress with different n

n Ver Vs1-4, VD14 Vss—s Ve
1 400V 400 V 400 V 50V
2 400 V 200 V 400 V 50 V
3 400V 167 V 400 V 50V
4 400V 100 V 400 V 50V
5 400V 80V 400 V 50V

frequency response of SU mode and SD mode, respectively.
Fig. 9 also plots the frequency response of control-to-output
transfer function based on the SSM, indicated by orange dash.
It can be seen that the PLECS simulation has the almost
identical frequency response in SD mode (blue line) and
SU mode (red line), which is consistent with the theoretical
analysis (orange dash).

Consequently, a unified controller can be designed for the
both operating modes without any other additional informa-
tion, as shown in Fig. 10. When w is larger than 0.5 and
smaller than 1, d; equals to uw and d; still keeps O due to
the lower limiter. When wu is larger than 1, d, equals to 1 due
to the upper limiter and dg = u — 1.

I11. EVALUATION OF THE PROPOSED SUD PPC

Table. II lists the main specifications of the high voltage
SOEC system based on the proposed SUD PPC. According to
(12), the peak value of P, is only 0.6 kW, a reduction of more
than 90% compared to total power. In addition to the reduced
processed power, the PPC also has significantly advantage
of the decoupling voltage and current stresses due to the
transformer. To further assess the proposed SUD PPC topol-
ogy, especially the effects of the transformer, the component
stress analysis is carried out in this section. Then, the method
of component stress factor is implemented to evaluate the
proposed SUD PPC with other conventional unipolar PPCs.

© 2022 IEEE. Personal use is
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TABLE IV: Peak Component Current with different n

n Iy Ins Iy, Icn Ico

1 3.64 A 9.01 A 1728 A 491 A 42 A
2 256 A 935 A 1723 A 329 A 3.6 A
3 209 A 9.67 A 17.18 A 253 A 3.0 A
4 1.8 A 998 A 17.14 A 2.05 A 24 A
5 1.61 A 10.05 A 17.1 A 1.7 A 192 A

A. Component Voltage Stress

Neglecting the voltage ripple, the blocking voltages of the
switches in HB2 (Vs5_g) and input capacitor (V1) are not
affected by transformer’s turn ratio, which always equal to
input voltage V,.

In the low-voltage side, thanks to the partial power ar-
chitecture, the voltage of output capacitor (V) is equal to
|Vinn— Vioaa| instead of Vj,qq in conventional FPCs. Moreover,
the blocking voltage of S7_4 and D;_4 is strongly influenced
by the transformer’s turn ratio, which equals to V;,,/n.

Table.IIl shows the component voltage stress of the pro-
posed system with different n. It is concluded that the
proposed partial power topology significantly reduces the
blocking voltage of the output capacitor. The blocking voltage
of the semiconductors in low-voltage side can be reduced by
increasing n. For the given system, the blocking voltage of the
low-voltage semiconductor is smaller than 100 V when n > 4.
Therefore, the 200 V semiconductors can be used in this 400
V SOEC system, leads to the further efficiency increasing and
costs reducing.

B. Component Current Stress

In the proposed topology, the RMS value of load current
(110aq) 1s expressed by (18).

A2
= — 2 7[1
Iload IL Iave+ B
o (2= 2V = 3471 n (18)
nR
Al — (Vin — Vioad) - ((25 — 1 —ul) - Ty

The RMS value of the current through the semiconductors
on the low and high voltage side is given by (19) and (20)

respectively.
1—u|+0.5
Ins =1/ % I

Vidl
n L

19)

Ins = (20)

The current through the high and low voltage sides of the
transformer is equal to V2I Hs and V2I Hs/n, respectively.
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(a) RMS value of Iys versus n and output
voltage.
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(e) Ic2 versus n and output voltage.

Fig. 11: RMS value of component current versus turn ratio and output voltage.

The RMS values of the current through input capacitor and
output capacitor is given by (21) and (22), respectively.

vV —4u? +6u —2- I,
n
vV—4u? +10u —6- Iy,

n
(2—-2u) Vi - (u—10.5)
2v/3Lf

(3—2u) Vi - (u—1)
2V3Lf

Fig. 11 shows the RMS value of the component current as
the function of the turn ratio and output voltage, respectively.
The peak value of the component current with different n are
listed at Table.IV. It can be observed that increasing n reduces
the Irrg, Icn and Ico greatly. The minimum value of these
currents occurs at Vj,qq = V;,, and is zero. And the change in
n results in the negligible changes in the peak value of I g
and I7. As a result the higher n has the potential to presents
better performances due to the greatly reduced voltage stress
of S1_4 and Dq_4 and current stress of S5_g and C4.

0.5 <u<1
Il = 21

1<u<15

0.5<ux<1
Ica =

1<u<15

C. Comparative Analysis based on CSF

In order to give a quantitative measure for comparison
with conventional unipolar PPCs, the CSF of the typical

i i © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.or /puincations/riths/index.html for more information.
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PPCs based on the isolated buck or boost converter shown
in Fig.12, as well as the proposed SUD PPC are calculated.
To simplify the calculations, the CSF method adopts the
assumptions that the power losses in the converter are ignored
and the same type components have the same weight factor
[27]. The stress factor is calculated independently for each
component: semiconductors (SCSF), capacitors (CCSF), and
winding (WCSF), as shown in (23), (24) and (25), respectively,

J 2 2
v, i Irms 7
SCSF = Z T (23)
J 2 2
Vmaw i’ Irms_i
CCSF = Z o (24)
J 2 i Irms z’2
WosE =y et e @5)

where Vias_avg_i = Di - |Vils Irms_i and V4 ; are the peak
RMS current and peak voltage of component ¢ respectively;
7 is the number of same type components. In the proposed
topology and the conventional SU/SD PPCs, j of capacitos and
winding are 2 and 3 respectively and j of the semiconductors
are 12 and 8, respectively.
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(a) Isolated buck converter
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Dsx  D,a ,FE;F S’;J[‘_‘F S,

(b) Isolated boost converter

Fig. 12: Isolated converter for conventional PPC configuration.

Both the proposed PPC and conventional unipolar PPCs are
design for the given SOEC system with the same voltage range
of 350 ~ 435.5 V. Therefore, input voltage of the SU and SD
PPCs are 350 and 435.5 'V, respectively. Vj,qq of the typical
PPC based systems can be expressed by (26),

n—+ 2d
Vvload,SUfl = <. ‘/’LTL
n
n
Vicad,su—11 = ——— Vi
n—2d, 26)
n+ 2ds — 2
Vioad,sp—1 = ——— -V}
n
n
Vicad,sp—11 = ———— - Vi
load,SD—I1 nt2— 2ds

where d, and d, are the duty ratio for SU and SD type PPCs
respectively. Based on (26), the range of n of the typical PPCs
are derived by (27).

_ 2,V
nsv—1>—— <,
Vload,maa: - ‘/in
nsu_r11 < 2dq . ‘/load,ma;ﬂ
‘/load,mam - sz (27)
< 21 —dy) - V;
nNsp-1=~ 7~
‘/in - Woad,min
nSp_r1r S 2(1 - ds) : Woad,min

Vvin - ~Vload,min

For SD PPCs V;,, and Vjpud,max are 350 V and 435.5 V,
respectively, while for SU PPCs, V;,, and Vioqd, min are 435.5
V and 350 V, respectively. With the duty cycle limitation of
dy < 0.4 and d, > 0.6, the max turn ratio range of SU-I
and SD-II is 2.72 and the max turn ratio of SU-II and SD-
I is 3.72, rounded down to 2 and 3, respectively. Table.V
shows component voltage stresses of the unipolar PPCs at

© 2022 IEEE. Personal use is
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TABLE V: Component Voltage Stresses of the SU/SD PPCs

Type SU-I SU-II SD-1 SD-II
Vi 350 V 350 V 4355V 4355V
Vs, D1-4 175V 14517V 14517V 217775V
Vss_8 350 V 4355V 4355V 4355V
Ve1 350 V 4355V 4355V 4355V
Vea 855V 855V 855V 855V
n 2 3 3 2

their maximum n. Since the proposed SUD PPC can be seen
as a combination of the SU-I and SD-I PPCs, SU-I and SD-
I PPCs have the same expressions of the component current
and voltage with the SU and SD modes of the proposed SUD
PPC.

In SD-II and SU-II PPCs, I}, equals I;,, thereby I} g of the
SD-II and SU-II PPCs is given by (28).

1.5 —dg
Ipssp—r1r =1/ — Iy,

0.5—-4d
Inssu—r =\ ——=-Ip
2 (28)
;_ Views —347.1
ave — R
AI?
I, = Iave 2 L
L (klave)? + D

where Al in SD-II and SU-II PPCs is given by the following
equations.

(Vvln - ‘/load) : (ds - 05) . Ts

Aly sp_ir =

L
29
_ (‘/loa,d - ‘/in) : (05 - dq) . Tg ( )
Alp sy—11 = 7
Similarly, Igg in SD-II and SU-II PPCs is given by (30).
V1—d- Iy,
Iyssp-11 = —
30
' (30)
Igssu—11=——
n
Iy in SD-IT and SU-II PPCs are given by (31).
/—4d?2 + 6ds — 2
Ici,sp—11 = - Iy,
31
A /—4d§ + 2d, GD
Icvsy—11 = ——7—— "1
n
Ico in the SD-II and SU-II PPCs is given by (32).
Aly
Iy = —= 32
=5 (32)

Applying (23), (24) and (25), the CSF of the typical SD/SU
PPCs and the proposed SUD PPC are plotted in Fig. 13. It
can be seen that a higher ratio presents the smaller CSF,
both for the proposed SUD PPC and conventional SU/SD
PPCs. Although the proposed SUD PPC has more low-voltage
semiconductors, it has the minimum CSF due to the highest

Authorized licensed use limited to: Danmarks 'Peknlske Informationscenter. Downloaded on August 30,2022 at 12:18:27 UTC from |IEEE Xpﬁ)re. Restrictions apply.

hts/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Industrial Electronics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIE.2022.3198241

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

CCSF WCSF
SUD SUD SUD
—SU1 —SU-I ; —— SU-I
—SU-I || SU-ITH j —— SU-ITH
—SD-I ——SD-I —— SD-I
—— SD-II —— SD-II —— SD-II
t t t t 0.01 3
4 51 2 3 4 501 2 3 4 5
n n
(a) SCSF versus turn ratio (b) CCSF versus turn ratio (c) WCSF versus turn ratio
Fig. 13: CSF of different PPCs versus turn ratio.
turn ratio. In practice, the higher turn ratio means the lower TABLE VI: Experimental System Specifications
voltage requirements for low-voltage side semiconductors and
lower current requirements for high-voltage side semiconduc- Symbol Parameter value
tors, resultmg in the advantages in terms of cost, volume as Ch Input capacitor 68 uF
well as efficiency. Ca Output capacitor 10 puF
S1-4 Switches in HBy IRF200P223
IV. EXPERIMENTAL RESULTS Di_4 Diodes in HB; V30200C
A 400 V prototype with a 20:4 interleaved PCB transformer Ss5_sg Switches in HBs IMW65R072M1H
are shown in Fig. 14. Table.VI shows the specifications of Fow Switching frequency 100 kHz
main components. Since the 4-layer interleaved winding struc- L Output inductor 15 uH
ture has a high coupling coefficient, the transformer’s leakage Lo Magnetisation inductance of HFT 3 mH
inductance Ljcq is only 3 pH, 0.1 % of L,,, suppressing the Licak Leakage inductance of HFT 3 uH

voltage oscillation caused by hard switching. Due to the partial
power topology, the 100 V capacitor can be employed as the
output capacitor, resulting in a smaller volume. Additionally,
the blocking voltages of D;_4 and S;_4 are only 80 V as n =
5. Hence, the 200 V semiconductors, which are not available
in other PPCs, are used in this 400 V system, thus reducing the
drain-source on-resistance of the MOSFETs and the forward
voltage of the diodes. The operating principle and modulation
strategy are verified with a constant load. A fixed resistance
load in series with a constant voltage (CV) electronic load
simulates the electrolysis stacks to measure the efficiency of
the SOEC system.

A. Experiments with the constant load

In this case, only a 70 € resistor is employed as the
load. Fig. 15 and Fig. 16 show the steady-state experimental
waveforms of SD and SU modes, respectively. In Fig. 15,
Vioaqd and Py are 370 V and 1.9 kW, respectively. The polarities
of vy, and i, are reversed because the converter transfers
power from low-voltage side to high-voltage side in this mode.

In Fig. 16, Vjyeq and Pg are 426.7 V and 2.6 kW respec-
tively. And the polarities of v, and i, are the same, because
the converter transfers power from high-voltage side to low-
voltage side. It can be seen that the experimental waveforms
are identical with the theoretical analysis mentioned in Sec-
tion.IL.

Note that the voltage spike of Vi, occurs when Sp 4 or Sa 3
are switched on. The combination of Di_4 and S;_4 can
be seen as the unidirectional current switch. When a bottom
switch (S5 or Sy) is turned on, the charged stored in its

© 2022 IEEE. Personal use is
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Qutput ports

Fig. 14: Experimental prototype of the SUD PPC.

parasitic capacitance redistributes to the diode above it because
the switch itself is current unidirectional. The combined energy
stored in the parasitic capacitance of S5_g and of a top switch
in HB; slowly dissipates until HB2 changes to a State_SD1.
During this transition, v.q is not zero due to the reflected
voltage difference between ports a and b, resulting in the
voltage spike in V. And replacing Si_4 and D;_4 with
bidirectional switches can solve this issue.

Fig. 17 shows the transient-state waveforms of the operation
mode switching as Vj,qq steps up from 360 to 435 V. Under
the proposed modulation strategy, the converter automatically
implements the mode change from SD mode to SU mode.
There is a gap where the transformer voltage and current is 0
when V,.q approaches to V;,,. It’s because that the switching-
off period of S;_4 or switching-on period of S5_g is too short,
as u is very close to 1.
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Fig. 15: Steady-state waveforms of SD mode.
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Fig. 16: Steady-state waveforms of SU mode.

Fig. 18 shows the transient-state waveforms of the operation
mode switching as the input voltage steps down from 400
to 375 V, while Vj,.q is fixed at 390 V. It can be seen
that the converter smoothly changes the operating mode from
SU mode to SD mode. Therefore, the proposed modulation
strategy automatically achieves mode switching for both input
and output voltages stepping.

B. Experiments with the constant load in series with CV
electronic load

In this case, a 5.3 2 resistor and a 347.1 V voltage load
are connected in series to simulate the given SOEC stacks.
Two 1mS) current shunts are placed into the circuit to measure
the input and load current, respectively. The voltages of the
current shunt, V;, and V.4 are measured by 34465A Digit
Multimeters. Fig. 19 shows the experimental efficiency curve
excluding the driving loss. The proposed prototype has the
high efficiency in overall regulation range, exceeding 99%
from 2 kw to 7 kW, with a peak efficiency of over 99.5%
and a minimum efficiency of over 98.5 %. The peak efficiency
occurs when u = 1. In this time, the theoretically load voltage
should be equal to input voltage. However, in practice, Vjoqq
is little smaller than V;,, due to the forward voltage of the
diode and other conductive losses.

In SD mode, the conductive and switching losses of S7_4

© 2022 IEEE. Personal use is
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Fig. 17: Operation mode switching transient waveforms of
output voltage step changes.
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Fig. 18: Operation mode switching transient waveforms of
input voltage step changes.

are given by the following equation.

Pslc :4I%,S . Rdson

Vi 21 40e — AT
Py =4fsw - % : ((M 'tri)+ (33)
2Iave + AIloaul Qoss
Zrave T 00
( 1 fa) +=57)

where Rgs.rn, and Q,ss are the conductive resistance and output
charge of the switch; ¢,; and ¢y, are the rise and fall times of
the switch, respectively.

Since S5_g keeps off in SD mode, the conductive and
switching losses of S5_g are given by the following equation.

Pshc:4'ILS'Vf'|1_u|

Vin
Pshs:4'fsw'T'Q'rr

(34)
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where V; and @, are the forward voltage and the recovery
energy of the body diode of S5_g, respectively.

In SU mode, S;_4 keeps on, thereby S7_4 only have the
conductive loss in SD mode. The switching and conductive
losses of S5_g are given by the following equation.

Pshc =4 I%IS . Rdson

Vi 2Iave - AIload

Pshs =4 fsw S (( tr1)+

4 2n (35)
2Iave + AIload
———— lfa 0ss
(Have T Doty ) 4 Q)

Since D;_,4 is schottky rectifier, the switching loss is
negligible. Therefore, the power loss of D;_, is given by the
following equation.

Pp=4-05-IT100q- VD 36)
where Vp is the forward voltage of D;_4.
The inductor loss cab be calculated by (37).
Py = Il20ad,ac “Rpac + Il20ad,dc “Rrge (37)

where Ij5qd,0c and Ijpqq,q4c are the ac and dc components of
lioads Rpgee and Rpg4. are the ac and dc resistance of the
inductor, respectively.

The transformer losses are split into two parts: core and
winding losses, which are be calculated by (38) and (39)
respectively.

Peore = Py - Ve (38)

P, = gb “Roer + Ic2d “Raer (39)
where R, . and R,.r are the ac resistance of high and low
voltage side of the transformer respectively.

After calculating AB by (40), the P, can be obtained
through the datasheet provided by manufacturer. [28]

‘/1n|1*u‘T9

AB =
2-n-Ae

(40)

At wu=l1, there is only the conductive loss. The actual
conductive loss of 15.9 W is larger than the ideal conductive
loss of 10.3 W due to the parasitic resistance. The parasitic
resistance in this system can be obtained by dividing the
difference between the two losses by the square of the load
current, i.e., 0.06 .

Based on the above power loss analysis, Fig. 20 shows the
power losses breakdown of the maximum power. The total loss
is 72.7 W. Thanks to the reduced I;s and the using of low-
voltage MOSFETs, the losses of the switches are small. The
losses of S1_4 and Ss_g are 5.73 and 11.43 W, respectively.
Parasitic resistor loss in this case is 17 W, which makes up
a major part of Pyper. The loss of the transformer is about
109 W. Pp is 32% of total losses, i.e. approximately 24 W.
Therefore, replacing the diodes with the switches can further
increase the efficiency.
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Fig. 19: Experimental efficiency curve.
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Fig. 20: Power losses breakdown at 7.3 kW.

V. CONCLUSION

This paper proposed a SUD PPC topology, which has the
same SSM for both operating modes. Therefore, a unified
modulation strategy is presented for SU and SD modes,
resulting in the auto mode switching and control system sim-
plification. Due to the decoupling of transformer, the current
stress on high-voltage side components and voltage stress on
low-voltage side components are reduced. The performance of
the proposed PPC topology is evaluated by the method of CSF
analysis. Compared with conventional PPCs, the proposed
SUD PPC has the least CSFs with the highest turn ratio.
Finally, the experimental results of the 400 V prototype verify
the feasibility and practicality of the topology and modulation
strategy. Since diode loss is the dominant loss, replacing the
HB; with the bidirectional switches are critical to further
improve the converter’s performance, which is next research
focus.
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