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Abstract

A bidirectional hybrid switched inductor converter (BHSI) is proposed in this paper. The
converter uses an inductor switching cell in order to achieve a wide voltage conversion
range, smaller passive components, and lower stress on the active devices. Apart from
these advantages, the introduction of the additional inductor in the switching cell does not
increase the complexity of the control structure, as is usually the case with other topologies
with multiple components. The BHSI is compared, in terms of inductor/capacitor enet-
gies and total device stress, to other state-of-the-art topologies and its advantages are high-
lighted. Two 3 kW prototypes were built, using S-MOSFETSs and GaN-FETs, in order to
analyse their performances from the efficiency point of view, and to validate the theoretical
findings. The stability analysis of the converter is performed and tested in a supercapacitor

1 | INTRODUCTION

With the increase of microgrid integration and popularity
of electrical vehicles, modern effective storage solutions ate
required. Modern storage elements have different characteris-
tics in terms of energy and power density. Therefore an effec-
tive combination/coordination between them is generally put
in place so that the overall performance of the storage system is
optimized [1-3].

A storage element that is becoming more prevalent, the
supercapacitor, is gaining attraction due to its better energy den-
sity, close to that of Li-ion batteries, much greater power den-
sity, and an increased durability [4]. Moreover, new technologies
are currently under development for supercapacitors to further
increase their performances [5-7].

In order to achieve a good energy storage utilization of
supercapacitors, a wide range of voltage conversion during
charge/discharge modes is required since the stored energy in
any capacitor is proportional to the squared voltage on the
device. Due to the fact that the supercapacitor is often used in
combination with a conventional battery, the interface convert-
ers do not usually require galvanic isolation [8, 9].

To achieve a wide voltage conversion ratio, converter con-
figurations make use of multiple passive components within

storage application, resulting in a good operation in both charge and discharge modes.

fairly complex circuits [10-16], multilevel structures [17-19],
switched capacitor or inductor cells in hybrid [20, 21] or extend-
able structures [22-20], or even multiple cascaded converters
[27]. A disadvantage of these converters is that the larger num-
ber of passive components results in an increase in the complex-
ity of control and reduction of the power density of the system,
as presented in [20, 28].

This paper proposes a bidirectional hybrid switched inductor
converter (BHSI), presented in Figure 1 [29]. The proposed cit-
cuit presents a hybrid structure as it uses a switched inductor
cell that helps to achieve better characteristics, while using only
three switches.

The main advantages are (i) a wider voltage conversion ratio,
(i) passive component size reduction, and (iii) active devices
stress reduction. Apart from these advantages, the two identical
inductors are dynamically characterized by only one state vari-
able, as their currents are equal, therefore (iv) a simpler con-
troller can be utilized. The BHSI schematic stems from the
hybrid unidirectional switched inductor converters, presented
either in boost [30] or buck [31] topologies.

The paper presents the BHSI steady-state operation in Sec-
tion 2, with a detailed comparison to other topologies. The
dynamic analysis from Section 3 provides information for con-
troller design and overall stability. The theoretical analysis is
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FIGURE 1

Topology of the BHSI converter
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FIGURE 2  Equivalent schematic of BHSI during 7,, interval (§; is turned
ON while 5, and §3 are turned OFF)

validated experimentally in Section 4 using two prototypes:
using conventional MOSFET transistors and with GaN devices.
Section 5 concludes the paper. The Appendix at the end present
information regarding the dynamic model of the converter and
information for comparison required in Section 2.

2 | BHSI OPERATION

2.1 | Operation analysis

The BHSI converter from Figure 1 resembles a conventional
bidirectional buck/boost converter with an additional switched
inductor cell (consisted of 1.y, L, 55, 53) at the low voltage out-
put (7). The topology uses three transistors that require one
driving signal (applied to ) and inverted for 5,, S3), and two
identical inductors.

The converter is analysed under continuous conduction
mode (CCM) of operation, because of the simplicity to main-
tain this operating mode while using synchronous rectification.
Additionally, the controller does not need a different tuning by
avoiding DCM, and the efficiency is not necessarily affected
[32].

The equivalent circuits for the two switching petiods, #,, and
1,5 ate presented in Figures 2 and 3, respectively.

As depicted here, the two inductors from the switched cell
are connected in series between the two inputs (177 and 1)
during #,,, and in parallel during 7,

The current after the inductor cell (i.e. 7; + i) is, therefore,
either, equal to, or double of the current through one inductor.
The main theoretical waveforms presented in Figure 4 summa-
rize the operation of the BHSI.

FIGURE 3  Equivalent schematic of BHSI during 7, interval (] is turned
OFF while S, and S5 are turned ON)
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FIGURE 4 Theoretical waveforms of the BHSI for step-down operation

The voltages on the two inductors (77 1 and »; ,) are expressed
from Figures 2 and 3, for the two switching periods:

Vg =17

3 )
2 1)

vt =V -V e =
g gy = vy ==V

By applying the volt-second balance, the duty cycle (D) and
conversion ratio can be determined:

Vy =1/
<”L1>=<VL2>=D'%‘FO—D)'(—T/L):O, 2
2.1 D

D——VH+VL©VL—VH~—2_D. 3

2.2 | Sizing of passive components

The initial part in design of the BHSI comprised the calculation
of the required passive components. The resulting equations
are also used as comparison metrics, as presented in the next
section.
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In order to calculate one of the inductors, the nominal induc- 1 Ton .
tor current is calculated from /; : Cp = — Avcyy / (Upy — ig1)dt. (13)

. 0
1 V. + 1y
Iy =1 - D 2. 7, - Q) Finally, the two capacitances are determined as:

L Vg =1)

The inductance is obtained by considering a constant cut- (L= (14

rent ripple ratio, a common design parameter in converters [33],
expressed as:

==, 5
AZ]‘l ()

where A7y 1 is the inductor current ripple (Figure 4).
From the inductance volt-current dependency and Equa-
tions (4) and (5), the following expression is derived:

L2V Vi (V= Va)
1 = .
e f oL (Vo V)

©)

The total inductor energy, as it is proportional to the size of
the inductors and costs, is used for comparing the BHSI to other
topologies and is calculated using:

Wiz =2 Wy, ™)

considering /. and 7, are identical.
From (6), W7 1 is calculated:

I -V - (Vy =17)

Wy, = . 8
= ®
Similar to (5), a voltage ripple ratio is used:

AVCL A”CH
p= Tk =2, 0)
CL CH

where Avc; and Awcy; are the capacitor voltage ripples for the
C; and C}; capacitors, respectively (Figure 4).

The capacitor values are calculated assuming that the AC
component of the low voltage side (/;) and the high voltage
side (/) currents are flowing entirely through the capacitors.

The currents flowing through C; and Cj; during the 7, intet-
val are extracted from Figure 2, and the following relations are
used to describe the discharge of the capacitors:

dvey,

- ks 1, (10)
dvcyy .

Crp-—— =1y — i 11)

Equations (10) and (11) are expressed in integral form to cal-
culate the capacitances:

7,

1 on
= = 12
(L= — A”CL/O (.1 = 1p.)dt, (12)

r S Vs (Vg +17)°

I -V (Vg —=17)
Gy = _ . (15)
re fo V™ (Vg +17)

The energies of the capacitors are calculated as follows:

LV (Vi = 17)

Wey = ,
CT e Vi V1)

(16)

I V- (Vg =17)

Ve = Wy

17)

Similar to the total inductor energy, the total capacitor energy
is used for comparing the BHSI to other converters, in terms of
total capacitor volume or costs. The total capacitor energy for
BHSI is given by:

I -V -V —=17)

Were = Werr + Wey, = T T,
v

(18)

It is important to note that if electrolytic capacitors are used,
the sizing factor should be based on the maximum RMS; as the
values calculated in (14) or (15) might result in capacitors with
insufficient current capabilities.

Another element used for comparing the converters, is the
total active switch stress, 5, defined in [34] as:

3
§$= Y Vi Iy (19)
J=1
where I and /y; are either the peak or RMS voltage and cur-
rent, respectively, on the jth transistor. Considering that 7; has
low values, the average current during conduction time is used
as an approximation for its RMS value to simplify the calcula-
tions.

The total active switch stress is used to assess the overall
switch losses or switch costs, because the number of switches
alone in a converter might be insufficient for evaluating its per-
formances.

For the BHSI, the transistor voltages and currents are:

V51/2= V=V =y +17)/2, (20)

I -V +17)

2.1, @)

Iyy=Ip=I3=10,=
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TABLE 2  Comparison between the BHSI and other bidirectional topologies
Converter (x) Voltage ratioVy /Vi Inductor energy Wiy Capacitor energy Weryy(x) Total device stress S,
7,V (V=1 1,V 8V =81 471
1.Buck/boost D VeV =Ve) L Ve-@ Vi 247 Vi) 20, -1V
2o f Vi 167, Vg :

2. BHSI = idem 1. LV =1) IV 1)

2-D 2y f-Viy Vit

. . LV 4oV =417 41,V .
3.[20] idem 2. idem 1. LoV V4V e Vi) idem 2.

81 [V

. . L V(16132 =817 1V 481V 24 Vi (Vi 41 .

4.[14] idem 2. idem 1. AUV LV AVA LA AR bR idem 2.
167y [ Vi (Ve +V7)
- . . . 30 (Vy+17)°
5. [36] idem 2. idem 1. idem 2. 2Tty
2V
6 [37] idem 2. ViV 2V Vi Vi) Vi V=Vt V+V1)/16) idem 2.
derp [ Ve (Vi +17) [ (Ve +17)
1V (Vi 2y 12 0V -V 217 V241,12 116
7. [27] D2 LV (Vi — ) LV (Vi 3 ]/‘2', 1 '7/106) 4.7 - VHl/Z . V]‘l/z
f Vi nefVid

8. [11] idem 7. idem 7. idem 7. idem 7.
9. (23] idem 7. idem 7. idem 7. idem 7.

. . v =1 2 .
10. [24] idem 7. idem 7. Ll 7ol D) idem 7.

e f Vi
11. 9] idem 7. idem 7. idem 7. I Q- Vg +3-(Vy - VY2
. D2 . ) 2 Vi (Vi =17) 2 (=17, 2 6112)
12. 117 W, a W b LV 8 8
[17] pm L1 (12) CTor(12) T QU AV VAV VLRI
13.[8] DJ2 11"1/1"([/{/—2'l2‘) Il /L‘(V]/_F/L"'T/'VII/I()) /1:[/11'(V1/T' )
20 Vi 70 Vi V=21

14. [38] L idem 13, 11;Vz;<2VH272Vz;VH,+2V,1,2+7-,»-<VH27V1;VH>> 2-11;<VH47_'>3

1+D 81 [ Vi (V=V1) Vi (Vi =2:17)
— IV, (640- Vg 217 24517 31285211417 312312 2317, 1126012 19217, 17 3=704173 17 4256V 4= 1613217 1/21312)
Wiz = 25617 - F- Vi 2V —17 )2 ’

5617/ Vi = (V= VL)
o1 202 a1 21 /21 20)2 01 1 312 a1 512

Wiy = LT Cly & T VA SRV T 3T D) herek = 41, — 3V

- - 32
2rc f Vi (Ve 2 =317 17 24217 312

Even though BHSI exposes a higher voltage on §;, compared
to a conventional bidirectional buck/boost converter, the total
active switch stress is lower:

2
I -V + 1)

S =
|47

(22)

2.3 | BHSI comparison to other topologies

In this section the BHSI is compared to other topologies,
presented in the Appendix (Table 1), numbered from 1 to
14. For a more relevant comparison, only topologies that fall
under the following conditions are chosen: with two and up
to four transistors, without multiphase or multilevel topolo-
gies (as the BHSI and most topologies can be extended for
multiphase operation), and without coupled inductors. The
selected topologies ate grouped based on their voltage con-
version ratio: 1, a conventional buck/boost converter used
as a reference; 2, the BHSI and; 3-6, converters with simi-
lar conversion ratio; 7-11, quadratic or; 12, similar converters,
with higher voltage conversion ratio; 13—14, switched capacitor
converters.

Basic characteristics of the topologies are presented in
Table 1: voltage conversion ratio, number of components, max-

imum voltage stress on each switch, and the electrical specifica-
tions of the prototypes. The information from this table shows
that the BHSI achieves a good conversion ratio with a reduced
number of components, and even though it has a larger voltage
stress acting on Sy, it performs very well in terms of efficiency
when compared to other topologies.

The main comparison is performed based on the conversion
ratio, total inductor or capacitor energy, and total active switch
stress, information presented for all selected topologies in the
Appendix (Table 2). The energy stored in passive components
is used for comparison as it is proportional to the actual vol-
ume and costs of these components (the number of compo-
nents alone does not characterize this aspect). Similarly, the total
active switch stress is used to characterize the overall costs and
losses in these devices. The relations from Table 2 are repre-
sented in Figures 5-8 for a more concise comparison.

All relations except the conversion ratio are normalized to the
conventional buck/boost converter (1), as the 7; and 7, cancel
out for the inductor energy and capacitor energy calculations,
respectively. For the capacitive energy calculation, 7; is not elim-
inated, therefore, it was set to 20%, showing a small influence
on the results.

In the conversion ratio comparison, in Figure 5, the BHSI
is placed approximately in the middle, between the quadratic
converters and the conventional converter. In this graph, the
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FIGURE 5
(2), conventional converter (1), and other state-of-the-art converters (3—14)
presented in Table 2

Conversion ratio comparison between the BHSI converter
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FIGURE 6 Total inductor energy comparison, between the BHSI
converter (2) and other state-of-the-art converters (3—14) presented in Table 2
(values are normalized to the conventional converter (1) energy)
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FIGURE 7 Total capacitor energy comparison, between the BHSI
converter (2) and other state-of-the-art converters (3—14) presented in Table 2
(values are normalized to the conventional converter (1) energy)
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FIGURE 8 Total active switch stress comparison, between the BHSI
converter (2) and other state-of-the-art converters (3—14) presented in Table 2
(values are normalized to the conventional converter (1) energy)

step-down operation is considered because it can be easily com-
pated for the entire range of the duty cycle, whereas for the
boost operation the conversion ratio theoretically approaches
infinity at larger duty cycles. If very wide conversion ratios are
desired, the quadratic converters (i.e. 7-11) seem to be more
appropriate, as they achieve better conversion ratios at lower
duty cycles. Very low conversion ratios may not be necessarily
desired in all SC applications (e.g. the application described in
Section 4). Here, with a duty cycle of 10%, 1} decreases down
to 5% of 17y, resulting in a sufficiently wide voltage range for
the SC.

In terms of inductor energy comparison, the BHSI has the
third best position as presented in Figute 6, placed after convert-
ers 13 and 14. Compared to the conventional buck/boost and
converters 3—5, the BHSI has the same requirement for induc-
tor energy, although it has two inductors.

Even though the output current of BHSI has a larger rip-
ple (Figure 4), the total capacitor energy is small, the second
smallest, together with 5, compared to the rest of the consid-
ered topologies, as shown in Figure 7.

In terms of total active device stress, the BHSI, and convert-
ers 3,4, 6, and 13 have the best results over a wide range of con-
version ratios, as illustrated in Figure 8. All converters except 11,
and partially 5 and 12, have lower device stress compared to the
conventional buck/boost.

Overall, the BHSI achieves very good performances. Con-
verters 13 and 14 have competitive results, but they do not
have a wide conversion ratio, being limited at a maximum of
50%. Apart from the limited conversion ratio, they have another
disadvantage: the switched capacitors are connected in parallel
at different voltages, and from this connection large currents
might occur.

From the results presented in Figures 5-8 the BHSI is
compared to the most relevant converters from Table 2 by
using the radar charts from Figures 9 and 10. The informa-
tion presented in these figures is an alternative for the overall
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FIGURE 9
converters (6 and13), for: voltage conversion ratio (2 = 15%), mean inductor

BHSI (2) compared to similar voltage conversion ratio

and capacitor energy, mean total active switch stress, and total number of
switches

56
-9-2
7
-@-12
S(x)/ S(‘I) WCTot(x)/ WCTot(1)
FIGURE 10 BHSI (2) compared to wider voltage conversion ratio

converters (7 and 12), for: voltage conversion ratio (DD = 15%), mean inductor
and capacitor energy, mean total active switch stress, and total number of
switches

cost/volume/efficiency evaluation of the converter. The cri-
terions used for comparison are the voltage conversion ratio
at D = 15%, the averaged total inductor and capacitor ener-
gies, the averaged total active switch stress, and the total num-
ber of active switches (Sw. count). From Figure 9, where the
BHSI is compared to similar voltage conversion ratios con-
verters, 6 and 13, it is shown that the BHSI has best over-
all performances. In Figure 10, the BHSI is compared to the
two wider voltage conversion ratio converters, 7 and 12. Apart
for the wider voltage conversion ratio, the BHSI has better
characteristics.

Depending on the application different converters can be
chosen and, in general, the BHSI has good performances, mak-
ing it a good candidate for wide range of applications.

3 | DYNAMIC MODELLING

In this section the dynamic modelling of the BHSI is described,
which is used for stability analysis of the system and for the con-
troller design.

FIGURE 11
resistances having values shown in Table 3

BHSI schematic used for dynamic analysis with parasitic

rH 7's1 Ly rrL I L

<« rn

i ro g,

FIGURE 12
dynamic analysis

BHSI equivalent schematic during 7, interval, used for

The state space representation of the two equivalent states of
the circuit are written as:

where 7is equal to 1 for the 7, state and 2 for 7,4

Considering equal currents for the two inductors, the state (x)
and input vector (%) are, respectively, given by:

771
%
X =\VH]|> U= I:T/[_I] (24)
L
Ycr.

The state (A4,) and input (B;) matrices are, respectively:

ay, app, 43 b, b,
Ap=\an, an, 0|, Bi=[by, 0 [ (25
a, 0 as, 0 by,

The elements of the matrices are detailed in the Appendix
and were calculated based on the BHSI schematic with inclusion
of parasitic resistors, as presented in Figure 11. The two equiv-
alent schematics which include the parasitic components for 7,
and 7,5 states are presented in Figures 12 and 13, respectively.

In order to obtain the small signal model of the converter,
small signal perturbations are applied to the variables in order
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FIGURE 13

dynamic analysis

BHSI equivalent schematic during Ly interval, used for

TABLE 3  BHSI dynamic model parameters
Element Value Unit Element Value Unit
Vi 300 \% D 0.347 —
153 60 Y 1y 375 mQ
Cyy 1.98 mF /s 23.7 mQ
Cr. 4.23 mF rer 50 mQ
Ly, 1, 100 uH cr, 35.2 mQ
T 25 Us T4, 170 9 mQ
r; 0.3 — 114,175 30 A
7 0.02 — 751, 7525 752 40 mQ
to linearize the system:

x=X+% d=D+d, y=Y+). (26)

The state vector, X, for steady-state operation, X =0, can
be used for finding the relation between the input voltages, 17
and 177, duty cycle, D, and the state vector elements, by also
taking into consideration the parasitic elements. The state vector
is calculated with:

X=-4""B u @7)

Considering the duty cycle as the input variable for the new
linearized system, and the inductor current as the output vari-
able, the system is described as:

x=A,-%+B,-d
e @9

The equivalent matrices (A,, B,, C,) are calculated as:

R

<

Ae = (A1 'D+A2' (1 —D)),

B, = (A1 —Ap) - X + (B) — By) - u),

G

[1 0 o]. (29)

The values from Table 3 were designed using the relations
from Section 2.2 and are used for calculating the control to out-

80 .
El\ __ ===
T 60+ \\\ 1
[} S
o \\
¢é \\
: X
&40 S |
2 &

Phase (deg)

135 | et P(2) G (2)

Model Simulation

10 10° 10
Frequency (Hz)

FIGURE 14
ZOH discrete time conversion Gp(3), ZOH discrete time conversion with

Bode plots of BHSI models: continuous time model Gp(s),

additional delay P(3)- Gp(3) and frequency response of the model simulation in
PSIM

put transfer function:

Gp(s) = , (30)

INQYINEH
~a
&llg_.

1.811-10° - 2 +1.722- 10" - s+ 4.197 - 10"
B 41.045-10" - 2 +3.027-107 - s+ 1.87- 10"
31

Gp(s) =

The Bode plot of the transfer function (Gp) is presented in
Figure 14 for the continuous time together with the discretized
transfer function. The discretization was realized using zero-
order hold (ZOH) method, with the 7 representing the sam-
pling time from Table 3.

In addition to the Bode plot obtained from the mathemati-
cal model, the open loop frequency response of the BHSI was
also obtained through simulation using PSIM software. In this
case, the simulation also included the microcontroller (MCU)
used for the converter control, to have a more realistic compat-
ison between the results. As seen in Figure 14, the simulation
model and discretized model of the converter display a clear
difference.

This difference is not only because of the analog to digital
conversion (ADC), which is already taken into account by the
ZOH method, but by the delay in the PWM update time.

The PWM delay time is added to the mathematical model
using a first-order Padé approximation of a time delay equal to
the switching period:

-7 -5s+1

PO= TR

(32)
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60 T T T TABLE 4 BHSI prototype parameters
~ Element Value Unit
2
> Vi 300 A%
<
£ Vi 60 v
S
) Cyy 1.98 mF
= 1
Cr. 4.23 mF
0 ; ; ! Ly, L, 100 uH
f 40 kHz
B 90 ool | 7, 3 kW
= Si-MOSFETSs 3x IXFIK80NGOP3
o
g 180 | j GaN-FETs 3x TPH3207WS
= —=-P(2) G ()G (2)
Model Simulation A
-270 : : —
1 2 3 4
10 10 10° 10 300V
Frequency (Hz) 0V.. 70V <—> <) Constant
i voltage load
FIGURE 15 Open loop Bode plots of BHSI model with discrete 2-6322 BHSI Cbus @
controller G(3), and frequency response of the model simulation in PSIM —ITomF
(PM = 68.5°, f, = 1.55 kHz) > ¢ DC
Source
FIGURE 17 Experimental test setup for the BHSI
i e H o e |
1 + oz s p(s) |1
= i | 4 | EXPERIMENTAL RESULTS
I T Pl2)- Gol2)
4.1 | BHSI operation

FIGURE 16 Control loop structure, containing the controller, G(3), the
Padé approximation of PWM delay, (), and the linearized model of the BHSI,
Gp(s) (discretized using the ZOH method)

The modified converter model consisting of the dis-
cretized transfer function, with added Padé approximation,
P(z) - Gp(g), offers a better resemblance to the simulation
model.

Based on the plot from Figure 14, a controller was designed
to obtain (i) zero steady-state error, (i) reduced overshoot, and
(iif) fast transition between the two operating regimes. The con-
troller was designed by directly shaping the Bode plot with the
Control System Designer app from MATLAB, obtaining the
following transfer function:

z — 0.9802

G = 5.4236-1073
z—1

33)

In Figure 15 the open loop response of the controller
with the converter model is presented. The phase margin
(PM) of the system is 68.5°, at the cutoff frequency (f) of
1.55 kHz. The gain margin (GM) of the system is 13.8 dB
at 6.76 kHz. The simulation model, which also includes
the MCU, was used to confirm the mathematical model.
The complete structure of the control loop is presented in
Figure 16.

Two experimental prototypes were built using two types of
transistors: conventional Si-MOSFETs (IXFK80NG60P3) and
GaN-FETs (TPH3207WS). The passive components are sized
according to Table 4 for both prototypes, with approximately
20% less electrolytic capacitors for the GaN prototype, where
larger ceramic capacitors were used because of the faster switch-
ing times. Even though the selected devices could achieve higher
switching frequencies, the same value (40 kHz) was used for
both prototypes in order to achieve better efficiencies which are
required for SC storage applications.

For this topology it is important to manage the voltage oscil-
lations that appear on the inductors during 7, (i.e. when the two
are connected in series), an aspect which was analysed in the
unidirectional topology in [30]. The initial voltage spike appears
because of the tolerances of the two inductances, and is theo-
retically limited by a maximum of two times the nominal volt-
age, as can be observed from Figure 2. The voltage on the
inductor oscillates because of the resonant circuit created by
the inductors and the parasitic capacitors of §, and S5 switches
during #,,. Based on [30], similar methods can be further pro-
posed for the BHSI for eliminating the voltage oscillations. A
passive RC snubber (231 Q and 4.7 nF) was used in parallel
to one of the two inductors in order to dampen the voltage
oscillations.

The experimental setup, presented in Figure 17, was built to
test the operation of the BHSI in both operating modes (buck
and boost), offering the possibility of a fast transition between
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Simulation results

Experimental resuls
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FIGURE 18  Steady-state results of MOSFET prototype: simulations

(left) and experimental (right); /; 1 = 10 (A)
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FIGURE 19  Steady-state results of GaN-FET prototype: simulations
(left) and experimental (right); /; ;1 = 10 (A)

the two. The setup contains two supercapacitors (BMODO0063
P125 B04) on the low voltage side (1), and a combination of a
DC source and a constant voltage load, on the high voltage side
(), with the purpose of emulating a DC voltage bus.

The purpose of the experiment is to demonstrate the BHSI
operation as a bidirectional interface between SC storage and a
DC microgrid bus, and to validate the stability for the transition
between the two operation modes. Because the energy stored
in the SC is proportional to its squared voltage, it is essential
for the converter to operate over a wide voltage range, with a
wide voltage conversion ratio, an aspect which is also verified
experimentally.

Experimental and simulation results include steady state and
transient results for both prototypes, showing a very similar
operation.

Steady-state operation results ate presented in Figures 18
and 19 for the MOSFET and GaN prototypes, respectively.
The two sets of results are very similar, even though simulation
results show smaller inductor voltage oscillations for the GaN

Simulation results

Experimental resuls

0 0.5 1 1.5 2 0 0.5 1 1.5 2
~ 20 20 i
-0 0
- -20 -20 H
0 0.5 1 1.5 2 0 0.5 1 1.5 2
66 66 -
> 60 Wwfwmwmm 60 WMMMWMM
- :
> :
54 54
0 0.5 1 1.5 2 0 0.5 1 1.5 2
308 308
z 300 . 300
=
> 292 ; 292
0 0.5 1 1.5 2 0 0.5 1 1.5 2
t (ms) t (ms)
FIGURE 20 Transient response results of MOSFET prototype:

simulations (left) and experimental (right); 7, | = £20 (A)

Simulation results Experimental resuls

*

292

0 0.5 1 1.5 2 0 0.5 1 1.5 2

t (ms) t (ms)

FIGURE 21 Transient response results of MOSFET prototype:
simulations (left) and experimental (right); /; 1 = £20 (A)

prototype because of smaller parasitic Cj; capacitances. The dif-
ference in the experimental operation is mainly because of other
parasitic capacitances that are not accounted for, such as volt-
age probe parasitic capacitances, capacitance between traces,
heatsink and transistor case. The inductor currents also present
small oscillations, which are insignificant compared to the aver-
age currents.

Transient response results show the operation of the two pro-
totypes for different current references, £20 A for Figures 20
and 21, +10 A for Figures 22 and 23, illustrating a fast transition
between the two operation modes, and no difference between
the two prototypes. The two different prototypes show that the
control structure is independent of the prototype. All results
were obtained with the converter operating around the nomi-
nal voltage values, I, = 60 V and 1, = 300 V.

In order to demonstrate the wide voltage ratio capability of
the BHSI, charge/discharge tests of the SC were performed
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FIGURE 22  Transient response results of GaN-FET prototype:
simulations (left) and experimental (right) /; 1 = £10 (A)
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FIGURE 23  Transient response results of GaN-FET prototype:

simulations (left) and experimental (right) /; 1 = £10 (A)

with constant current control. The 177 voltage was varied in
Figure 24 from a minimum voltage of 7.7 V to a maximum of
77V, resulting in a voltage conversion ratio (17 /1) varying
from 2.6% to 26%. A constant inductor current of 7; | = +17.6
A was maintained, resulting in a SC current of /; 430 A and
the power varied between 0.3 to 2 kW. The same experiment
was performed for larger /7 | currents of £23.4 A ([; #+42 A)
in Figure 25, where the 177 voltage was varied from a voltage
of 9.3 to 51 V, resulting in a voltage conversion ratio varying
from 3% to 17%. Another advantage is also visible from the
presented results: a larger /; output current compared to the
inductor current, which is also demonstrated in (4).

The experimental results prove a stable operation for both
step-down and step-up operation modes, with a fast transition
between them. Bidirectional operation is required for an effi-
cient SC storage interface for both charging and discharging. A
wide voltage operation range is also tested, the converter being
able to reduce its conversion ratio as low as 2.6%, a feature

0 100 200 300 400 500
t(s)

FIGURE 24  SC charge/discharge with 7; & £30 (A), [ ; = £17.6(A),
1, = 7777 (V), V3./ Vi = 2.6-26 (%), P,y = 0.3-2 (kW)

which is usually difficult to achieve, but important in order to
have a good utilization of the SC energy.

4.2 | Efficiency results

The efficiency of the two prototypes was analysed using mathe-
matical and experimental approaches, with the results shown in
Figures 26-30.

The experimental efficiency was calculated by measuring the
input and output currents and voltages, with a power of up to
3 kW.

The theoretical efficiency was calculated from the losses of
the parasitic resistances from Figure 11 and the switching losses
of the transistors. The switching loss calculation was performed
according to [35]. Apart from efficiency, the transistor junction
temperature and power loss distributions are also calculated.

Based on these results, significant advantages can be
observed for the GaN prototype in terms of efficiency, in both
operating modes, having an increase in efficiency of 2% in buck
mode and 5% in boost mode.

The analytical description and the experimental results are in
good correspondence for the buck operating mode but present
a difference in the boost mode (5% for MOSFET and 3% for
GaN). The difference can be caused by a few factors, such as
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FIGURE 25  SC charge/discharge with 7, ~ £42 (A), [, | = £23.4 (A),
17 =9.3-51 (V), 17/ Vi = 3-17 (%), P;, = 0.4-2 (kW)
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FIGURE 26 Efficiency and switch temperatures for the MOSFET

prototype, in buck (left) and boost mode (right)

different turn-on delay between S, and S3, a higher 4u/dt on §)
during S, - 5 turn-on, or larger voltages on 5, and §; during
their turn-off, possibly resulting in shoot-through.

From the power distribution on the switches, presented in
Figures 27 and 29, it can be concluded that the losses of the
GaN devices are approximately 30% of that of the MOSFET
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FIGURE 28 Efficiency and switch temperatures for the GaN prototype,

in buck (left) and boost mode (right)

devices. The remaining power losses are distributed in the pas-
sive components as shown in Figure 30, and are considered
identical for both prototypes.

The two BHSI prototypes are presented in Figures 31 and 32,
for MOSFET and GaN, respectively. Since the same switch-
ing frequency was used in order to achieve higher efficiency for
both prototypes, the size of the passive components for the two
prototypes is considered the same, with small differences in the
layout of the components. A major difference is observed in the
heatsink which has a reduced volume for the GaN transistors,
as they have smaller losses.

Overall, the BHST achieves a very good efficiency compared
to other topologies presented in Table 1, which is an important
charactetistic for the renewable energy applications where the
SC storage is usually implemented.
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similar for both prototypes

5 | CONCLUSION

In this paper, a BHSI was presented. Analytical description,
operation, stability analysis, and efficiency estimations were vali-
dated through digital simulations and experimentally for the two
prototypes.

The advantages of the proposed topology include a wider
voltage conversion ratio, smaller passive components, lower
active device stress, all based on the addition of the switched
inductor cell. Even with the introduction of an additional
inductor, the new topology does not introduce additional
states in the control system, remaining a lower order system,
compared to other wide ratio converters, giving it a further
advantage. This paper also presents a thorough compatison
between the proposed topology and other topologies presented
in the scientific literature, highlighting the advantages of the
BHSI.

FIGURE 31 BHSI prototype with MOSFET transistors
(IXFK80NG6OP3)
FIGURE 32 BHSI prototype with GaN transistors (TPH3207WS)

The dynamic analysis is performed, and a control scheme is
developed. The mathematical model for the dynamic operation
presented in this paper can be successfully used for analysing
any new BHSI prototypes.

The experimental results on the two prototypes using Si-
MOSFET and GaN-FET, respectively, confirmed the theoreti-
cal findings. The theoretical and experimental efficiency results
confirm the advantages of the GaN switches.

Few disadvantages of the topology, such as the high fre-
quency voltage between inputs and inductor voltage oscillations
represent topics to be resolved in future work.
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APPENDIX
The elements of .4y matrix from (23), corresponding to #,, state,
are:
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