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Abstract—Triple switch, triple mode (TSTM) dc—dc converters
find extensive utilization in renewable energy applications. Unlike
other dc—dc converters, TSTM converters operate with two duty
cycles (d, d;), achieving maximum power point tracking (MPPT)
and output voltage regulation simultaneously. However, these con-
verters often exhibit high voltage stress on the switches due to
resonance caused by mismatched switch/inductor parameters. This
article proposes a new TSTM dc—dc converter for high voltage gain
with low voltage stress. The advantages of the proposed converter
include the following: 1) elimination of resonance due to parameters
mismatch, resulting in the suppression of voltage oscillations, 2)
flexibility to regulate the output voltage with two duty cycles,
and 3) high voltage gain over a wide range of duty cycles. The
article provides a detailed explanation of the converter topology,
working principle, steady-state analysis, external characteristics,
and closed-loop controller design. The design guidelines and per-
formance comparison are also presented. A 460-W laboratory setup
is built, and experimental verification is conducted for the voltage
conversion from 24 to 272 V.

Index Terms—DC-DC converter, reduced voltage stress,
switched capacitor (SC), triple switch triple mode (TSTM)
converters, voltage oscillation.

I. INTRODUCTION

IGH-GAIN dc—dc converters play a crucial role in re-
H newable energy systems, and fuel cell applications. [1],
[2], [3]. The output voltage of renewable energy sources and
fuel cells tends to be low and fluctuating [4], [S]. In renewable
energy systems and fuel cells, a dc—dc converter regulates the
output voltage level of the renewable sources to match the utility
demand [2]. High-gain dc—dc converters can be categorized as
isolated or nonisolated, depending on whether magnetic isola-
tion is used between the input and output terminals. Magnetic
isolation requires a high-frequency transformer (HFT), which
causes voltage spikes in power switches due to the leakage in-
ductance [6]. The absence of magnetic isolation in a nonisolated
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converter significantly reduces both the size and cost of the
converter.

Numerous high-gain nonisolated dc—dc converters based
on the coupled inductor [7], Z/quasi-Z network [3], [8], [9],
switched capacitors (SC) network [3], [10] and switched in-
ductors (SL) network [3], [11], [12] techniques are discussed
in literature. Converters utilizing coupled inductors [3], [7]
leverage the number of turn ratios as an additional degree of
freedom to achieve high voltage gain. However, these converters
are associated with high input current ripples, voltage spikes
across the switch, and leakage inductance. Clamped circuits are
needed to suppress the voltage spike, thereby, increasing the cost
and size of the converter [3], [7]. The converters employing SC
networks can increase the voltage gain according to the number
of SC networks. However, SC networks often experience high
current stress due to the alternate charging and discharging of
the capacitors.

In [11], an active switched inductor (ASL) is utilized to en-
hance the voltage gain with low switch voltage stress. However,
the diode voltage stress in this converter is higher than the
output voltage. Subsequently, several hybrid structures derived
by combining ASL networks with SC networks have been ex-
plored in the literature [12], [13], [14], [15], [16], [17], [18],
[19], [20], [21]. In [12], an ASL network and SC network
based hybrid converter is presented and implemented with a
photovoltaic source. The SC network used in this structure
forms a low-impedance path through the switches, resulting in
increased switch current stress. In [13], the authors integrated
an asymmetric ladder-SC network with the ASL network for
achieving high voltage gain. Like the converter presented in [12],
this converter experiences high current stress in the switches
due to the low impedance path. To limit the inrush current, a
soft start technique is required, thereby, affecting the dynamic
performance, especially during frequent starts and stops. In [14],
a ladder SC network is merged with a regenerative-boost ar-
rangement and integrated with the ASL network to improve
the voltage gain. The regenerative-boost arrangement adds one
switch and one inductor to the converter presented in [13],
increasing the size and cost of the converter significantly. In [15]
and [16], ASL-based converters with quadratic voltage gain are
derived by adding a diode-capacitor across the switch of the ASL
network. This constitutes a low-impedance path for the switch,
resulting in a very high inrush current. Also, the asymmetrical
structure of these converters increases the conduction losses due
to unequal current stress in the switches and inductors. The
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converters presented in [17] and [18] are derived by replacing
the simple inductor of the ASL-leg presented in [11] with
a passive switched inductor network. These converters use a
considerable number of inductors and diodes. The drawbacks
of these converters are their very large size, high cost, and low
efficiency. In general, the integration of the SC network and ASL
network provides high voltage gain. However, issues related to
the current spikes in the diodes and switches are inevitable due
to bulky SC networks. Moreover, ASL converters are highly
sensitive to inductor values and the output capacitance of the
switches. During switch-OFF, the inductors form a resonance
circuit with the output capacitors of the switches, leading to
increased switch voltage stress and decreased efficiency [19],
[20], [21]. In [22], a hybrid converter integrating ASL network
with quasi-Z-source network is proposed. While this converter
achieves a significantly improved voltage gain, it has the draw-
back of a limited duty cycle (d < 0.5). Converters with limited
duty cycle ranges are very sensitive to any change in the duty
cycle value [23].

In [24], a triple switch, triple mode (TSTM) dc—dc converter,
derived by integrating a unidirectional switch into the ASL
network, is developed. This converter operates with two duty
cycles (d and d;) enhancing the voltage gain. Furthermore, it
offers flexibility in output voltage regulation through different
combinations of duty cycles, thereby, improving overall effi-
ciency. The voltage lift cell and SC networks are employed to
achieve higher voltage gain. In [25], [26], [27], and [28], voltage
lift cells are added to the TSTM converter at the input terminals,
which increases the current stresses in the switches. In addition,
the voltage stress on the output diode and unidirectional switch in
converters [24], [25], [26], [27] is higher than the output voltage.

In [29], [28], and [30], voltage gain improvement is achieved
by replacing the simple inductors of the ASL network with a
passive switched inductor network. However, these converters
become bulky due to the increased number of inductors and
diodes. In [31], the flexibility of the following three control
schemes for hybrid TSTM converter with: 1) controlling d and
fixed d, 2) fixed d and controlling d;, and 3) controlling both
d and d; is discussed. However, TSTM converters [24], [25],
[26], [27], [28], [29], [30], [31] exhibit resonance between the
inductors and output capacitors of the switches when turned
OFF. This resonance results in increased voltage stress on the
switches, leading to decreased efficiency.

In this article, a novel TSTM dc—dc converter obtained by
integrating ASL and SC networks to achieve high voltage gain
is proposed. The characteristics of the proposed converter are
summarized as follows.

1) The output capacitor is split into two capacitors. Each
capacitor supports one switch of the ASL network when
they are turned OFF. Consequently, the voltage oscillation
across the switches is eliminated, and the voltage stress
across the switch is reduced.

2) The converter has a constant potential difference between
the input and output terminals. Therefore, any EMI issues
associated with % are minimized [10].

3) The proposed converter operates with two duty cycles (d,
d1) and offers the flexibility to achieve the desired voltage
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Proposed high gain TSTM DC-DC converter.

gain with different combinations of duty cycles. The op-
erational efficiency of the converter can be improved by
properly selecting the duty cycles for a given voltage gain.

4) The proposed converter offers several external character-
istic curves corresponding to distinct values of d; . In addi-
tion, it has various continuous conduction mode (CMM)
and discontinuous conduction mode (DCM) boundaries
depending on the value of d;.

5) The proposed converter possesses three degrees of free-
dom for controller design, with options such as the fol-
lowing: 1) controlling d and fixing d;, 2) fixing d and
controlling d;, and 3) controlling both d and d; .

6) The proposed converter utilizes ASL and SC networks
and achieves high voltage gain over a wide range of
duty cycles. Unlike converters with limited duty cycle
(d <0.25,d < 0.33,and, d < 0.5), this converter is less
sensitive to any change in the duty cycle value [23].

The rest of this article is organized as follows. In Section II,
the topology and operating modes of the proposed converter are
studied. In Section III, the steady-state analysis, including ana-
lytical considerations for CCM, DCM, external characteristics,
and an exploration of the influence of nonideal parameters on
voltage gain and suppression of voltage oscillation, is added.
Sections 1V, V, VI, and VII present performance comparisons,
design procedures, power loss analysis, and controller design, re-
spectively. The performance of the proposed converter is verified
experimentally in Section VIII. Finally, Section IX concludes
this article.

II. PROPOSED CONVERTER AND OPERATING PRINCIPLE

The proposed TSTM dc—dc converter, shown in Fig. 1, con-
sists of two switches (S; and Ss), two inductors (Ly and Ls),
four capacitors (C1, Cs, Cy1 and C\z), four diodes (D1, D2, Doy
and D,5), and a unidirectional switch (US Box). The US box
can be realized through either a series combination of a diode
with a MOSFET or an IGBT to ensure the unidirectional flow of
current. Figs. 2 and 3 depict operational waveforms and circuit
conditions of the proposed converter.

Mode-1 [t,-t1]: In this mode, both S; and S, are turned
ON, and D5 is conducting as depicted in Fig. 3(a). The input
voltage V; charges the inductors L; and Lo through S; and S5,
respectively, causing the inductor currents to increase linearly.
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Fig. 2. Key waveforms of the proposed converter for (a) CCM and (b) DCM
operations.

In addition, V; and C'; charge C'; through D5, S, and S5, while
C,1 and C,z supply power to the load. Here

v, = v, = Vi, Vo, =Ve, + Vi, Vo, + Ve, =V, (1)

—I,
2
where V,, and i, represent the voltage across the element x; x
€ {Ly, La,C1,Co,Cp1,Cha}, the current in the element y; y
€ {Ly, Ly, S1, 52}, and i¢; denotes current in the capacitors
C,Ce {Cl, CQ, Col, Cog}.

Mode-2 [t1-t5]: Atinstant ¢ = ¢1, S7 and S5 turned OFF, and
US BOX is turned ON. Consequently, the inductors L1, and Lo
are connected in series and are energized by V; through the US
box. As Lq and Ly are in series, their charging rate is reduced to
half as shown in Fig. 3(b). Also, the output capacitors C,; and
C'y2 supply power to the load. Thus

ey = leyy = sy — ILl = lsy — IL2 yleorr = legen =

—1,. 3)

vL, + 0L, = Vi ylegrs = legan =

Mode-3 [to-t3]: Att = to, all active switches are turned OFF,
and D1, D,1, and D, are conducting. The circuit condition is
illustrated in Fig. 3(c). In this mode, V;, vy, and vy, charge
capacitor C. In addition, V;, v, and vy, together with Vi,
supply power to the load. In this mode

v, +vp, =Vi = Ve, Vo, + Ve, = Vo “

ILI - IL2 = iCl,B + i62,3 7i001,3 + iCoz,s + 1, = 72‘01,3' (%)

Mode-4 [t3-14]: Mode-4 arises at t = t3 when the currents in
both inductors become zero. Consequently, all semiconductor
devices are nonconducting, and the load is supplied through
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Fig.3. Circuitconditions of the proposed converter in (a) Mode-1, (b) Mode-2,
and (c) Mode-3.

C,1 and C\o. In Mode-4, the converter is operating in DCM as
shown in Fig. 2(b).

III. STEADY STATE ANALYSIS
A. CCM Analysis

In CCM operation, Fig. 2(a) and Fig. 3 illustrate that the
proposed converter operates in Mode-1, Mode-2, and Mode-3.
In the following section, the voltage gain, voltage stress, and
current stress are analyzed.
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Fig. 4. Voltage gain versus (a) duty cycle d and (b) duty cycle dy.

1) Voltage Gain: From the volt-second balance equation of
L; and Lo over a switching period 7%, the voltage across
capacitors C, Co, and the voltage gain (V) are obtained as

(2—d)V; (1+d)V,
Vo =Wy ST
ST Td—d) T 1—d—dy
B+d—dy)
V= - 7 6
9T 1 -d—d, ©)

The curves depicting the voltage gain of the proposed converter
with different duty cycles are shown in Fig. 4. As seen from
Fig. 4(a), the converter can achieve a high gain (say 35) at a
low duty cycle (d = 0.6) by adjusting d; to 0.3. Also, Fig. 4(a)
illustrates that the converter can achieve a high gain (says 35)
at low d; (=0.4) by changing d to 0.5. Furthermore, from Fig.
4(a) and (b), it can be observed that a desired voltage gain (say
25) can be obtained with different combinations of duty cycles,
such as (0.846,0), (0.754,0.1), (0.662,0.2), and (0.569,0.3) cor-
responding to (d, dy). Thus, the proposed converter can achieve
high gain over a wide range with the flexible combination of
duty cycles.
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TABLE I
CURRENT STRESS IN POWER DEVICES

Currents Is,, Is, Ip, Ip, | Ip,,, Ip,,
Peak ot | cia | % | st
Average 7(%11‘1;%50 1, I, |1,

RMS (?jj::ll))\[/% \/1—Ifl—d1 % \/ﬁ

2) Voltage Stress: From Fig. 3(a), the voltage stress across
D1, D,1, D,2, and the US box are given by
(2—-d)V,
3+d—dy’
From Fig. 3(b), the voltage stress across S1, So, D1, D, D,1,
and D, are calculated as

Vb, =2Vp,, =2Vp,, = Vvs=-Vi. (1)

.V o . A+ 4V,
Vsl_V52_27 VDQ_‘/Zv VDl_VCQ_3+d_d1
(@)
_ o VO*VCl o (1+d)Vo
Voo = Vb = =5 = 2B +d—dy) ©

From Fig. 3(c), the voltage stress across S1, Sa, Do, and the US
box are calculated as follows:

Vi+ Ve, (2 — dl)Vo
Vs, = Ve, = — 10
S e 2 23 +d—d) {10
2-d)V,  (1+a),
Vo: = 50— s T s Ta—a (D

From (7), (8), (9), (10), and (11), the maximum voltage stress
on the power devices are

(2—dy)V,
Vs, =Vs, =Vp,, = Vb, 2B+ d—d) (12)
(2—d)V,
Vp, =Vp, = 13
Pem TP T —d, (13)
(1+d)V,
Vs = . 14
Us 31d_d (14)

3) Current in Inductors: To determine the current in induc-
tors, the knowledge of the current in the capacitors is required.
From the conversation of charges in the capacitors, the current
in capacitors is obtained as follows:

) (d+d)I, . 1,
Co1.3 — leyaz — y ley g = T 15
leora Tleona =720 a1 1Y
1, 1,
Tey, =ley, = — fepg = - (16)
C1,1 €2,1 d €2,3 1—d— dl
From Fig. 3(c), the current in the inductors is given as follows:
21,
Iy, =1, = —— 17
L=l = 7)

4) Current Stress: Fig.3(a), (b), and (c) show the conduction
of power devices. Using (15), (16), and (17), the average current,
peak current, and rms current in these devices are derived and
presented in Table I.
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B. DCM Analysis

Fig. 2(b) shows the key waveforms during DCM operation. In
Mode-1 and Mode-2, the inductors store energy. From (1) and
(3), the inductor current at t = ¢ and ¢ = 5 are determined as
follows:

== 2L ‘

At t = to, the inductors release the energy to the load, and the

inductor is fully discharged at t = t3 i.e, ir,(t3) =0

(‘/z - Vo)Tsdo
4 L

where (t3 — t2) = d,Ts. Using (18) and (19), d,, is expressed in
terms of d and d;

(18)

. ip(te) =

ir(ts) = +ir(t2) (19)

2(2d+ dv)V;
=" 20
A (20)
The average current in D,; is
. d, v,
ipavg) = Py

where R, is the load resistance, and ip , (peak) Tepresents the
peak current in D,;. Diode D,; conducts during Mode-3 only,
and the peak current in D,; occurs at t = t,. As seen from (16)
and (15), the current in C; and Cj are equal. Thus

(2d + dy)V; T,
4L ‘

From (20), (21), and (22), the voltage gain in the DCM mode is
evaluated as follows:

V,(DCM) = % (1 +4/1+ W) (23)

iDol (peak) = (22)

where K = LR—fS and f, are the normalized inductor time con-
stant, and switching frequency, respectively.

C. External Characteristics of the Converter

At the boundary condition mode, the voltage gain in CCM
and in DCM must be equal. Therefore, from (6) and (23), the
normalized inductor time constant at the boundary condition
mode, also known as critical normalized inductor time constant
K, is evaluated as follows:

(2d + d1)2<1 —d— d1)2

Ke=SaroGri—a)

(24)

As seen from (24), K¢ is a function of d and d;. The plots
of K¢ as a function of d and d; are shown in Fig. 5(a) and
(b), respectively. When K is greater than K, the converter
operates in CCM. Fig. 5(a) and (b) show that the converter has
several CCM and DCM curves. The critical load resistance is
also determined as

p._ 80+ d)B+d—d)Lf,
¢ Rd+di)2(1—d—dy)?

(25)
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Fig. 5. Boundary condition of the proposed converter as a function of (a) d
and (b) d; .

and the output current is parameterized in terms of I' = #
From (20), (21), and (22), the critical value of I" is obtained as

(2d +dy)?
I'e=—7—-—. 2
c 4V, — 1) (26)
Using (6), ' is rewritten as
_\2(9 7.2 _2\2 2

AV 1)V - 1)

External characteristics illustrate the response of a dc—dc con-
verter to changes in external parameters, such as load variations,
or/and input voltage changes. Fig. 6 illustrates the external
characteristics of the proposed converter, with dashed lines
indicating the boundary conditions. Unlike conventional dc—dc
converter, the proposed converter exhibits different external
characteristic curves corresponding to distinct values of d;. In
addition, the proposed converter demonstrates various CMM
and DCM boundaries depending on the value of d;.

4V, —1)°

D. Influence of Nonideal Components on Voltage Gain

The steady-state analysis discussed in Section III-A is based
on the ideal model. To investigate the impact of nonideal
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Fig. 6.  External characteristics of the proposed converter with constant V;.

components on the voltage gain, the internal resistance of the
power switches (rgs, = Tgs,= Tds, = Tds), diodes (rq, =rq,=
Td,, =Td,,=Td, =7d), inductors (rr, = rr,=rr), and capac-
itors (7¢, =T¢,=7¢,, =T¢,,="c), and the forward voltage drop
across diodes (vy, =vy,=vy,  =vy ,=vy) are considered.

The voltage equations for Mode-1, Mode-2, and Mode-3 are,
given as follows.

1) Voltage equations in Mode-1

ULl = ‘/; - ILIT'L - islrd87 ULQ = ‘/Z - ILZTLQ - iSQTdS

Vo, = Vi+ Ve, —vp =iy, (2re +rd) = (i, +is,)7s.

(28)

2) Voltage equations in Mode-2
v, fvp, =Vi—vp— I, 2rp+ra+ras).  (29)

3) Voltage equations in Mode-3

v, +op, =V = Ve, —vp — (In, + Ip,)rL
— ey 5 (Te +74)
Vo =Vo, + Vo, —vf —tic, 4 (re + 2rq)

+ ey 5 (Te +7a)- (30)

From (28), (29), and (30), the nonideal gain of the proposed
converter is

3+d—dy _ 2(2-2d—d))vy
- HHS (17d7d1)vé a0
L+ ga=acanw; t ao=aR;

where A =2rgs+2(1 —2d —dy)r.+ (1 —4d — dy)ry and
B =4rp + 2(1 + d)?"ds + Td(l —d—+ dl) + Tc(l —d— dl).
The parasitic values of the components given in Table III
are included in the calculations, and the experimental setup
discussed in Section VIII is used to obtain practical voltage
gain at different duty cycles. A comparison between the ideal,
nonideal, and practical voltage gains is presented in Fig. 7.
Fig. 7 shows that the influence of nonideal components on the
voltage gain is very low.
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Fig. 8.  Suppression of voltage oscillation across S1 and Sa.

E. Suppression of Voltage Oscillation Across Switches

Any mismatch in the inductance values of inductors (L, and
Lo) or/and the output capacitance values of the switches (C\ps1
and C\4o) forms a resonance circuit in the ASL network, result-
ing in increased voltage stress. There are always discrepancies
in these parameters due to practical limitations. Therefore, the
ASL-based converter discussed in [13] and [17], shows a higher
switch voltage stress. In the proposed converter, the SC network
supports Cos1 and C,go, thereby, effectively suppressing the
voltage oscillation. Fig. 8 illustrates the suppression of the
voltage oscillation through the SC network. In Mode-3 (when
both switches are OFF), the capacitor C5 and C\9 are in parallel
with Clg,, and V; and Clz are in parallel with Cys,. From Fig.
8, the voltage stress on S7 and Ss are obtained as

Veoss = Vs, = Ve, — Ve, (32)
Voos, = Vs, = Vi+ Ve, (33)
The inductor voltages are obtained as
vp, =Vi = Vg =Vi = Ve, + Ve, (34)
v, = Vi = Vs, = =Vo,,. (35)
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TABLE II
COMPARISON BETWEEN THE PROPOSED CONVERTER AND EXISTING TSTM CONVERTERS

Maximum Sensitivity Low
Voltage Maximum | Maximum | Maximum voltage of Ly, Lo, | impedance Efficiency
g switch diode inductor & Cos1 and | path Topt @
. gain stress  on Component Counts
Topologies ) voltage voltage current the US box Cos2 on the | through Power
g stress stress stress ( Vs switchs’ the Rating
( V@—;” ) ( V‘E}—:” ) Vo voltage switch?
Ns| Np| Nr| Nc¢
1+d Vy+1 Vy+1 I, 93.6%
[24] aedr | v - = | ! Yes No 302 12 11 | ow
3—d—2d Vy—1 Vy—1 I, V,—2 . 92.06%
[25] T 2ng i/g T 5‘7/9 Yes Yes 3 4 2 3 S00W
94.67%
2 1 Iy
[26] == | 3 1 e |1 Yes Yes 303 (2 |2 | 500w
3—d—d Vy—1 Vy—1 I, Vy—1 96.82%
[27] i 29Vg i/—q e ?/g Yes Yes 3 4 2 3 S00W
3+d+3d Vy—1 I, 94%
[28] ﬁ ;’VQ 1 i 1 Yes Yes 3 10 | 4 3 200W
143d+d Vg+1 Vg+1 I 94.69%
[29] Ly | Yot = s |1 Yes No 308 |4 |1 | soow
IAH-SL 142d Vol Vol I,
[30] T—d—d; 3, v, T—d—dy 1 Yes No 3 5 3 1 NA
ISH-SL 143d—d Vg+1 Vg+1 I
30] el - o 1 Yes No 3 (8 |4 |1 |NA
ISHSL- | si50-a | vt I oL Vo1 86.34%
SC [30] Td—dr i, 3, T-dod; 37, Yes No 3 1014 13 | 708w
34+d—d Vg+1 Vg+1 I Vy—1 96.35%
Proposed = didi 49V.q 29‘/9 j zqu No No 3 5 2 4 160W
TABLE III 4 T T r
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE
35 1
Power P, = 460W, fs = 50kH z Vi =24V, V, =272V — [24] I1AH-SL-SC[30]
Li = Ly = 1104 H, 12A 11 = oo — 18.3mS2 3o — EZ]] - gg 1
L Co1 = Co2 = ATuF,250 V, AR — 26
Cy = Cq =4TuF, 200V Py I1AH-SL[30] [26]
B 2 s re = 10mQ S 251 ISH-SL[30] —— Proposed 1
MOSFETs:Vys = 400V, 745000y = 40mQ, Ip = 46A, Cpss = 250pF g
Diodes: Vpry = 400V, V; = 1.0V, I; = 26A, ry = 83mQ S, 20 1
&
E 15 1
Since, V;, Vo ., and Vo, are constant, the voltage stresses 10 -
CO2 02 g
across switches (57 and S3) and inductors (vr,, and vy, ) are also
constant even if there is a mismatch in the values of inductors > |
or/and switch’s capacitor. Consequently, voltage oscillations due

to parameter mismatch are effectively suppressed, marking a
significant improvement in the performance of the converter.

IV. CoMPARISON WITH EXISTING TSTM CONVERTERS

To illustrate the advantages of the proposed converter, a
comprehensive comparison with existing TSTM converters is
presented in Table II. This table includes the conventional TSTM
converter [24] and derived converters [25], [26], [27], [28], [29],
[30]. The converters [25], [26], [27], [28] used switched capac-
itors block at the input terminals, which resulted in high switch
currents. The converters [28], [29], IAH-SL [30], ISH-SL [30],
and ISH-SL-SC [30] is derived from the converter [24] by
replacing the simple inductor of the switched inductor network
with one or two passive inductor network, thereby, the size of
these converters is exceptionally high. Further comparisons are
presented in terms of voltage gain (V;), maximum switch voltage
stress (V‘S,—OM), maximum diode voltage stress (V"ﬁ—(f”), maximum

voltage stress on the US box (V[{/ﬂ), the total inductor current

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 9. Voltage gain versus duty cycle.

stress (%), the influence of parameter inconsistency of
value of inductors and output capacitor of the switches on the
switch’s voltage, nature of switch current, component counts
(Ng: number of switches, Np: number of switches, N;,: number
of inductors, and N : number of capacitors), and efficiency.

A. Voltage Gain Comparison

The voltage gain of the proposed converter and convert-
ers [24], [25], [26], [27], [28], [29], [30] depends on both duty
cycles d and dy. For gain comparison, the duty cycle d; of the
unidirectional switch is kept at 20% and gain variation with
duty cycle d is plotted in Fig. 9. As observed, the voltage gain
of the proposed converter surpasses that of [24], [25], [26],
[27], and [29], IAH-SL [30], and ISH-SL [30] for the entire
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range of d. The converters [28] and ISH-SL-SC [30] exhibit a
higher voltage gain compared to that of the proposed converter.
However, itis worth noting that these converters are derived from
four inductors (two additional) and ten diodes (five additional
diodes). Moreover, the size of the converters [28], [29], [30] is
larger than the proposed converter as these converters use more
inductors. In addition, converters [24], [25], [26], [27], [28],
[29], [30] are derived from ASL cell, making them sensitive to
parameter mismatches in L1, Lo, C,s1, and C, 2. Consequently,
these converters show voltage oscillation across the switches,
resulting in increased switch voltage stress. Furthermore, the
converters [25], [26], [27], [28] feature low impedance path
through switches 57 and S,, inherently increasing switch current
stress [13]. Also, converters [24], [25], [26], [27], [28], [29], [30]
have high-frequency potential differences between the input and
output terminals, increasing the sensitivity to EMI problems.
The proposed converter suppresses the potential voltage oscil-
lation across the switches, and the constant potential difference
between input and output terminals reduces EMI issues. The
voltage gain of the proposed converter ranges from 5 to 35 when
d varies from 0.2 to 0.7. The proposed converter can thus achieve
a high voltage gain without operating at an extreme duty cycle.

B. Voltage Stress and Current Stress Comparison

Using Table II, the maximum switch voltage stress, maximum
diode voltage stress, maximum voltage stress on the unidirec-
tional switch, and total inductor current stress are plotted against
voltage gain. As seen from Fig. 10, the maximum switch voltage
stress in the proposed converter is less than 0.3, significantly
lower than that of converters [24], [25], [26], [27], [28], [29],
IAH-SL [30], and ISH-SL [30]. The maximum switch voltage
stress in the proposed converter and ISH-SL-SC [30] are equal.
However, itis important to note that the maximum switch voltage
stress is calculated under ideal conditions, and the convert-
ers [24], [25], [26], [27], [28], [29], [30] exhibit voltage oscilla-
tion in practical scenarios due to a mismatch in parameters, as
explained in the previous section, resulting in increased voltage
stress. Fig. 10(b) and (c) show that the maximum diode voltage
stress and maximum voltage stress on the unidirectional switch
are much lower than those in [24], [25], [26], [27], [28], and
[29], TAH-SL [30], and ISH-SL [30]. Also, Fig. 10(d) shows that
the total inductor current stress, which represents the inductor
volume of the proposed converter is lower than the remaining
other converters. Therefore, the proposed converter has lower
voltage stress across the switches, and diodes, and lower current
stress in the inductor compared to existing TSTM converters.

C. Voltage Oscillations in TSTM Converters

The parameter mismatch between the values of inductors and
output capacitors of the switches is inevitable due to practical
limitations, resulting in voltage oscillations in ASL-based con-
verters [19]. The equivalent circuit condition of the converters
presented in [24], [25], [26], [27], [29], [28], and [30] shown in
Fig. 11, when the switches are OFF, and is used to explain the
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Fig. 10. Comparison of (a) maximum switch voltage stress, (b) maximum
diode voltage stress, (c) maximum voltage stress on the unidirectional switch,
and (d) total inductor current stress.
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Fig. 11.  Effective circuit condition of the existing TSTM converters.

voltage oscillations. From this figure

v&(s)%fv&(s):zliiéﬁéﬁ (36)
s Li1c11(0 — Yaz 5
Vs, (8) + L1ei1(0) s +<U82(5)_U2(0))50032
SLle 5
. L e' 0 _ Vap s
v L (8) + Lacia(0) s <081(8) — Ul—(o)> 5Cos1
3L2e 5

37

where vy, (s) and vs,(s) are the voltages across S1, and Ss,
respectively. L. and Lo, are the effective inductances of the
ASL network, and V4p is the potential difference between
nodes A and B. The inductors L. and L;. are given by the
following: 1) L1, = L1, and Lo, = Lo for [24], [25], [26], and
[27]1,2) L1e = L14 + L1p, and Ly, = Lo for TAH-SL [30], and
3)Lie = Lig + L1y, and Lo, = Lo, + Loy, for [28], [29], ISH-
SL [30], and ISH-SL-SC [30]. V45 is given by the following:
1) V, for [24], [29] and, IAH-SL/ISH-SL [30], 2) (V, — V)
for [26], ISH-SL-SC [30], and 3) (V,, — 2V;) for [25], [27], and
[28].
From (36) and (37), v, (s) and vs, (s) can be evaluated.

(’ig (O) — 21(0)) sin wt
\/(0081 + 0082)/0516

— [B(Vi + Vap — v5,(0))

+ (1= B)vs,(0)

v, (8) =aVap + (1 —a)V; —

—aV; — (1 — a)Vap|coswt
(38)

(i2(0) — i1(0)) sin wt
\/(COS1 + Cos,) /B
+ [B(Vi + Vap — vs,(0))

+ (1 = B)vs, (0)

’USQ(S) = Clv;‘ + (1 — OZ)VAB +

—aV; — (1 — «a)Vap] coswt

(39
_ Lie _ Cos1 _
where o=, b= TOARE Rt and w =
Lic+Lo . s .
_le T e
Trila(CoiCom) In ideal conditions, i.e., when both

inductors have the same inductance value and both MOSFETs
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Fig. 12.  Effective circuit condition of the proposed converter.

have the same parasitic capacitance and switching speed, the
above equations are simplified to

Vap +V;
() = vy () = ABETE

This shows that resonance is absent when there is an exact match
of parameters. However, due to manufacturing limitations, there
will always be a mismatch between the values of the two induc-
tors, the values of two parasitic capacitors, and the switching
speed of the two MOSFETs. Thus, in accordance with (38) and
(39), voltage oscillations will exist across the switches due to res-
onance. These oscillations increase the voltage stress. According
to the study carried out in [19], the voltage stress in the MOSFETs
could be doubled in the condition ¢; (0) = 71 (0), vs, (0) = O and
vs, (0) = Vap + V;. For this condition, the voltage stress of (38)
and (39) are further simplified as

(40)

Vs, (8) =aV; + (1 — a)Vap — [V — (1 — a)Vap] coswt
(41
and

Vs, (8) = aVi + (1 — a)Vap + [aV; — (1 — a)Vap] cos wt.

(42)
In contrast, resonance is not present in the proposed converter
even with a mismatch between the inductors values, and the
values of the drain to source parasitic capacitor. This can be
proved through the equivalent circuit condition shown in Fig.
12. A similar analysis is carried out for the proposed converter.
From Fig. 12, the following equations are obtained:

_ VotV

Vs (3) + Vs, (5) =T (43)
V, —Vi+2Ve,
Vg, (5) = TCQ (44)
Vi — 2V,
Vs (8) =~ (43)

According to (44) and (45), the voltages across S; and So
are constant even if there is a mismatch in the values of the
inductors and the switch parasitic capacitance. This is one of the
major benefits and contributions of the proposed converter.



MOHAMMED et al.: IMPROVED TRIPLE-SWITCH TRIPLE MODE DC-DC CONVERTER WITH SUPPRESSED VOLTAGE OSCILLATIONS

Hence, the comparative study demonstrates that the proposed
converter achieves a higher voltage gain with lower switch volt-
age stress, lower switch current stress, lower component counts,
and smaller size compared to the existing TSTM converters. In
addition, the proposed converter mitigates the potential voltage
oscillation in the existing TSTM converters.

V. CONVERTER DESIGN AND COMPONENT SELECTION
A. Inductor Selection

The current stress on both inductors is equal. Hence, both
inductors are designed with equal ratings i.e., Ly = Ly = L.
Based on the analysis given in Section III-A, the current ripple
in the inductors is given by

(2d + dy)V;
2Lf,

For a given percentage limit of inductor current ripple (6i7 %),

the inductor current ripple A7y, must be less than &ILO{)L Hence,

the design constraint for the inductor is determined as
I~ 25(2d+dy)(1 —d—d1)R

=T Brd—d)f.0ir%

Aip = Nip, = Nip, = (46)

(47)

B. Capacitor Selection

The rating of the capacitors is determined based on the voltage
stress and permissible voltage ripple. The voltage stress on the
capacitors is given in (6). From (15) and (16), the voltage ripple
in the capacitors is expressed as

(d+d1)l,  Ave — I,

Coj f s ! Cj fs
where j € {1, 2}. For a permissible voltage fluctuation (6v.%),
the voltage ripple (Av.) in the capacitor must be lower than
6”;2)7‘6 <. Therefore, the capacitance of the C, Cs, C\y1, and Cyo
is determined according to the following relation:

(3+d—dy)100 (3+d—dy)100

A'UCM» =

(48)

Cy > . Oy >
"= 2= d) R, fs6ve, % = (14 d)Ry fs0ve, %
49)
(3+d—dy)(d+ dy)200
>
Cor = (2d+d1)Rofs§'Ucol% G0
Cor > (3 +d—d)(d +d1)200 651

~ 3B —=d)R,fs0vc,,%

C. Power Switches and Diodes Selection

Based on the voltage and current stresses, the rating of the
power switches and diodes is determined. In (12), (13), and
Table I, the voltage stress and current stress on each switch are
provided. For operational safety, the device with a rating higher
than the analytically obtained values is selected.

VI. POWER LOSS AND EFFICIENCY ANALYSIS

The power loss in the converter is composed of the power
MOSFET loss, diode loss, inductor loss, and capacitor loss. The
distribution of these losses is analytically evaluated below.

1y

2)

3)
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Power MOSFET loss ( Ps ): The power losses in the MOSFETS
are attributed to switching losses (Pgsyy1), conduction
losses (Psw2), and the output capacitor loss (Psyys).
These are given by

Psw1= Y kls,Vs,
i=1
_MV(2—d1)(1+d—d1)+2d(1+d)
T T B rd—d)(1—d—dy)
(52)
P ZI 2(2 — dl)zfgrds (53)
SW2 — Si rms - d(3+d—d1)2
2 d;)?2
P s“osi = JsLos 2(—1
w3 = gj 1:CoxiV, = 1:ColVi gm g — a2
(54)

where k = f; tr;tf and ¢, and ¢ ¢ are the rise time and fall
time of the switch, and C; is the output capacitor of the
ith switch.

Diode Loss (Pp): The diode loss is comprised of the diode
conduction loss (Pp1), and diode reverse recovery loss

(Pp,), which is expressed as

Ppy =Y Ip,oVy, =ALVy (55)
1=1
3(2—d)V,
P rr s — o . 7 47 wWrrJs
D2 = ;Q Voifo =50 de (56)

where Ip, 4, Vy,, Qrr,, and Vp, represent the average
current, forward voltage drop, reverse recovery charge,
and voltage stress associated with the ith diode.

Inductor Loss (Py,): The total 1oss in the inductors is made
up of conduction losses (Pr1) and core losses (Pr2). The
analytical expressions of these losses are given by (57),
and (59), respectively

§ 2
PLl = ILi,rmsTL =
i=1

where A =3d— 320 d> + 72dy + 4842 — 143d3 —
12 d?(53dy — 16), B =24(—1+ 3 d® — dy + 8 d*dy +
2d3 +d(—=2+17d?)), and C =4(-1+d>+ 3 d*d; +
3dd? + d3). The core loss of the inductor is determined
from the ferrite data sheet curve. The data sheets of
MPP core (CM358090E) gives the core power loss per
unit volume (pcore) for a given peak-to-peak flux density
(ABpg) is expressed as

AV2 4+ BV;V, + CV?2
48L f2

(57)

(2d + d,V,

ABpg =
PE ™ 34 d—d)NA,f,

(58)

where N and A. are the numbers of turns and cross-
sectional area of the magnetic core. Hence, the total core
loss is given by

Pry = pcoreAcle (59)
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Fig. 13.  Closed loop control of the proposed converter.

where [ is the magnetic path length of the core. The core
loss analysis given in the datasheet does not consider the
core loss associated with the dc current in the inductor.
Thus, the actual core loss would be slightly higher than
the calculated value due to the presence of a dc- current
component in the inductor [32].

4) Capacitor loss (Pc): The power loss in the capacitor is
primarily due to the conduction loss

=2 K
(60)

where 7., is the equivalent series resistance of the capacitor.

_2I2(1— dy + ddy + d?)r
d(l—d—dy)

C;,rms*

VII. DYNAMIC MODELING AND CONTROLLER DESIGN

The proposed converter has two inductive and four capacitive
energy storage elements. The voltages across the capacitive
energy storage elements (C, Co, C,1,and C,2) can be expressed
uniquely in terms of the input voltage and duty cycle. Thus,
the voltages across these capacitors are constant and mutually
dependent. Also, the currents in the inductors (I, and I,,) are
equal. Hence, the inductor current (I7,, ) and the output voltage
(Vo = Ve, + Ve,,) can be considered as state variables [21],
[30]. Using the state-space average method, the dynamic model
of the proposed converter can be expressed as follows:

A 1—d—d; ~ ;oA V. 3
SLIZLl = — Cildl’()o—l-v‘)j:v‘d—f—vozl%dl

(61)

N d+d, d+d; d+dy )V,
SCOUOZ +21’LL — 4t 1’00—1-(( 1)

1 R, 1-d—di)R (d + dl)

where C, = .1 L VO, d and d1 represent the small-
signal perturbatlons 1n I L.» Vo, d, and d; around the equilibrium
point, respectively. The design of the controller provides three
degrees of freedom, including 1) controlling d; and fixing d, 2)
controlling d and fixing d;, and 3) controlling both d and d; to
achieve output voltage regulation. In this article, a controller is
designed to regulate the output voltage by controlling d; only.
Therefore, considering zero perturbation in d, the open loop
transfer function of the proposed converter is obtained as

Uy B s+4.97¢*
dy  5.92e 652 — 1.15¢ 35 + 60.16

G, (s) = (62)

The closed-loop control structure shown in Fig. 13 is imple-
mented. To achieve stable operation, the voltage loop is regulated
with a PI controller. The transfer function of the PI controller is
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Fig. 14.  Experimental prototype.

given by

196.34

G.(s) =0.648 +
The closed-loop transfer function of the proposed converter is

obtained thus, given by

1.096e® s% + 5.48¢%s + 1.65¢12
53 +1.094€552 4 5.49¢%s + 1.65¢12

Gy (8) = (63)

VIII. EXPERIMENTAL VALIDATION

Theoretical analysis of the proposed converter is validated
on the experimental board of Fig. 14 with parameters given in
Table III. Using DSP TMS320F28335, the gate pulses 1) d =
55% for S; and S, and 2) di = 15% for the unidirectional
switch, with a desired phase difference at switching frequency
fs = 50 kHz, are generated and given to the grate driver circuit.
First, the converter is tested for voltage conversion from 24 to
272V at 460 W power rating i.e., the output current is 1.69 A for
160.84 €2 of the resistor load. At this operating point, the steady-
state results of the proposed converter are shown in Fig. 15.
Fig. 15(a) shows the experimental waveforms of input voltage,
output voltage, and output current. The measured values of input
voltage, output voltage and output current are 24, 267 V, and
1.66 A. The practical voltage gain (11.125) is slightly lower
than the theoretical gain (11.33) at d = 55% and d; = 15%.
This discrepancy arises due to the forward voltage drop in the
diodes, and resistive voltage drop in the switches, diodes, and
capacitors.

As seen from Fig. 15(b), the inductor currents are increasing
during Mode-1 and Mode-2, and decreasing during Mode-3.
The average current in inductors (L and Lo) is approximately
11.12 A. Fig. 15(b) also shows that the voltage stress on S
and S5 is free of voltage oscillation. The experimentally ob-
tained switch voltage stress is 73.8 V, much lower than the
output voltage. Fig. 15(b), (c), and (d) illustrate the switch-
ing pattern of the power devices, ensuring correct operation
of the converter. Experimentally observed voltage stress Vi g,
Vp, = Vp,,and Vp_, = Vp_, are approximately 124, 148, and
74 V, respectively. The measured voltage across C and C are
approximately 148, and 124 V, respectively. The experimentally
obtained voltage gain, inductor currents, and voltage on the
switch, diode and capacitors agree with the steady state results
given in Section III-A.
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Fig. 15. Experimental waveforms of (a) input voltage, output voltage, and
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Fig. 17.  Loss distribution in circuit components.

Finally, a simple PI controller is employed to regulate the
output voltage at 272 V. Fig. 16 demonstrates the output voltage
regulation when the load current is 1) suddenly reduced from
1.69 A (100%) to 0.57 A (33.7%) and 2) suddenly increased
to 1.69 A (100%). For these load changes, the output voltage
shows a voltage dip/rise, which settles in 12 and 8 ms. The
closed-loop response shows the output voltage is successfully
regulated against the step change in load.

The component parameters given in Table III are used for the
theoretical estimation of losses in the proposed converter. Based
on the analysis presented in Section VI, the power losses in the
switches, diodes, inductors, and capacitors are approximately
8.506, 6.65, 5.7, and 0.5044 W, respectively. The theoretical
efficiency of the proposed converter is thus, 95.38%. The nu-
merical values of circuit component losses and their percentage
contribution are given in Fig. 17. The experimental efficiency of
the converter was measured at different output powers under two
different input voltages. Fig. 18 shows the variation of converter
efficiency as the load is increased from 100 to 460 W, plotted for
two input voltages (24 and 36 V) and the same output voltage of
272 V. As the load increases, the efficiency drops from 96.1%
(at 100 W) t0 95.0% (at 460 W). This is because the conduction
loss in the inductors and the MOSFETs increases as the load is
increased for given input and output voltages. Also, the converter
operates at a relatively low duty cycle for a high input voltage.
Hence, the efficiency of the converter for 36 V input voltage is
higher than 24 V input voltage at a particular output power.
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Fig. 18. Measured efficiency curves for the proposed converter topology.

IX. CONCLUSION

In this article, a novel TSTM dc—dc converter is presented
to achieve high voltage gains. The converter works with two
dissimilar duty cycles, allowing for the attainment of the desired
voltage gain with different combinations of duty cycles (d, d1).
Analytical analyses of existing TSTM dc—dc converters and the
proposed converter are presented to demonstrate the existence
of resonance in the existing converters and the elimination
of resonance in the proposed converter. Unlike other TSTM
dc—dc converters, the proposed converter effectively suppresses
the resonance that occurs in practice because of the inevitable
mismatch in the values of the inductors and the switches’ output
capacitance. This results in suppressed voltage oscillations, and
low switch voltage stress. It offers additional advantages, includ-
ing low voltage stress on the unidirectional switch and diode,
as well as low current stresses in the inductors and switches.
The steady-state analysis, parameter design method, loss dis-
tribution, voltage, and current stress analysis are discussed in
detail. A thorough comparison with recent TSTM converters
reveals that the proposed converter can achieve a high voltage
gain with comparatively low switch voltage stress, low diode
voltage stress, and low inductor current stress. The performance
of this converter is experimentally verified in both open-loop and
closed-loop operations. For the future, the design of high-power
prototypes and integration with renewable systems or electric
vehicles, are some of the suggested works.
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