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A Cascaded High-Step-Up Boost DC-DC Converter
Circuit With Switched-Capacitor

Qiao ZHANG, Xuemei LI, Yang ZHOU, and Xuefeng HU

Abstract—This paper presents a switched-capacitor cascaded
boost converter designed to overcome the limitations of the tra-
ditional topology. The proposed converter integrates a switched-
capacitor unit, which enables the superposition of inductor energy
onto the output side during the switch-off period, thereby achiev-
ing double the voltage gain of a conventional cascaded boost
converter (CCBC), as defined by M = 2/(1-D)’. This structure
also results in significantly reduced voltage stress on the semicon-
ductor devices. Furthermore, a collaborative filtering mechanism
between the primary stage (C,/C,) and the secondary stage (C,)
reduces dependency on individual capacitor values while simulta-
neously enhancing output ripple suppression. Additional advan-
tages include inherent input-output common ground for effective
electromagnetic interference (EMI) suppression and a simplified
gate driver design due to the synchronized operation of the two
switches. The operational principle and steady-state performance
are analyzed thoroughly. A mathematical model is derived using the
state-space averaging technique and validated by simulation. Ex-
perimental results from a 250 W hardware prototype (32 V input to
400 V output) confirm the feasibility of the proposed topology.

Index Terms—Boost converter, cascaded, high-step-up, low stress,
switched-capacitor.

I. INTRODUCTION

URRENTLY, photovoltaic and fuel cell technologies are

regarded as highly promising power generation solutions
owing to their clean and renewable nature [1]. However, both
inherently deliver low output voltages (generally below 50 V),
which necessitates the use of high-gain DC-DC converters to
elevate the voltage to levels compatible with grid integration
(e.g., 400 V AC or +380 V DC)[2], as illustrated in Fig. 1.
In response to this challenge, extensive studies have been
conducted on high-gain DC-DC converters, which can be
broadly categorized into isolated and non-isolated types [3]-
[11]. Isolated converter topologies typically rely on high-turn-
ratio transformers for voltage amplification. This approach,
however, introduces notable drawbacks, particularly energy
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Fig. 1. Typical renewable energy generation system.

loss due to transformer leakage inductance and voltage spikes
across switching devices, which degrade efficiency and
increase component stress. Therefore, non-isolated high-gain
topologies based on the conventional boost structure have
gained broader acceptance in practical applications, especially
in renewable energy grid integration [12], [13]. These
structures are valued for their design simplicity and high cost-
effectiveness, along with the elimination of electrical isolation
requirements. Nevertheless, they are constrained by inherent
limitations such as restricted voltage gain and diode reverse
recovery issues, which thereby hinders their application in high-
power scenarios. To overcome these limitations, a range of
high-gain solutions has been developed in the literature, such
as coupled-inductor [14], [15], interleaved parallel [16]-[18],
and switched-capacitor/switched-inductor cell topologies
[19], [20]. While effectively improving voltage gain, these
methods pose significant challenges, including greater control
complexity, more difficult magnetic design, and limited
efficiency optimization potential. Coupled-inductor converters
can achieve higher gain by adjusting the turns ratio. However,
this benefit comes at the cost of elevated voltage stress on
the switches due to leakage inductance. Additional clamping
circuits are therefore required, thereby introducing higher
system complexity and cost, lower efficiency, and aggravated
electromagnetic interference (EMI), especially during light-
load operation. The benefits of interleaved parallel converters,
such as reduced current ripple and increased power capacity,
can be offset when the duty cycle deviates significantly from
0.5. Under such conditions, current sharing is complicated,
control becomes more complex, and multiple drivers and
sensors are needed. This leads to higher costs and restricts
their application in wide-input-voltage scenarios. Although
switched-capacitor and switched-inductor converters utilize
combinations of passive components to enhance voltage
gain, a larger number of switching devices is often required.
Furthermore, issues such as capacitor voltage imbalance
and low utilization of inductor cores remain prominent.
Specifically, whereas simple structures offer only limited gain,
multi-stage cascading tends to result in reduced efficiency
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Fig. 2. Topology of the proposed boost converter.

and increased control complexity. Other derived topologies,
including multilevel and Z-source/gZ-source converters [21]-
[23], are also confronted with several limitations. These include
challenges in capacitor voltage balancing, the occurrence of
high inrush currents, and the fact that devices are subjected to
significant electrical stress.

To overcome the above shortcomings, a novel dual-switch
controlled cascaded switched-capacitor high-gain DC-DC
topology is introduced. Its control strategy ensures both an
extremely high voltage gain and markedly reduced switch
voltage stress. The rational cascaded design further allows
for high conversion efficiency to be maintained, along with
a significant reduction in passive components and effective
handling of capacitor voltage balancing. Experimental results
confirm that the proposed circuit structure maintains a common
ground between its input and output ports while achieving
a high voltage gain. This feature significantly reduces EMI,
making the converter well-suited for high-gain applications,
particularly in grid-connected photovoltaic systems. This
paper is structured as follows: Section II details the topological
configuration and working principles of the proposed converter.
Section III presents a steady-state performance analysis.
Sections IV and V cover component design and comparative
evaluation, respectively, while experimental verification and
conclusions are provided in Sections VI and VII.

II. PRINCIPLE OF THE PROPOSED CONVERTER

A. Circuit Composition

The converter is composed of a front-end cascaded structure
and a rear-end switched-capacitor unit as depicted in Fig. 2.
The front-end section includes two power switches (S, and
S,), two inductors (L, and L,), diode D, and capacitor C,. The
switched-capacitor cell comprises D,, D,, and C,, C,. V', and
V, denote the input and output voltages. V., V., Ve, Vi
represent the voltages across C,, C,, C, and C,. Similarly, U,
U,,» U, and U, denote the voltages across D, D,, D, and D,
respectively. The main waveforms and equivalent circuits of
the converter in different operating states are depicted in Figs. 3

and 4.

B. Operating Principles

For simplicity, the analytical framework relies on the follow-
ing assumptions:

1) All components are treated as ideal, neglecting parasitic effects
such as equivalent series resistance (ESR) and stray capacitance.

2) Capacitors are selected to be large enough that their terminal
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Fig. 3. Key waveforms of the proposed converter.

(b)

Fig. 4. Switching states of the proposed converter. (a) S;S, are turned on. (b)
S,S, are turned off.

voltages remain nearly constant over an operating cycle.

3) S, and S, are driven with synchronized gate signals and
operate at the same duty ratio (d, = d, = d).

The operational analysis in this section is carried out according
to the two distinct states within a switching cycle, which are
segmented in time as illustrated in Fig. 3.

State 1 (#,~¢,): During this period, S, and S, are conducted on
by synchronized pulse width modulation (PWM) gate signals.
D, D, are reverse biased owing to C, C,, C,, depicted in Fig.
4(a). The input source V, and C, energize L, and L, through S,
and S,, respectively (path: V, =L, =S , C,~L,=S,). Resulting in a
linear increase of inductor current. Capacitor C, discharges to
C, through D, and S, (path: C;,-D,~C,-S,). During this period,
the C, deliveries power to R.

State 2 (¢,~¢,): During this stage, both S, and S, are off. The
input source ¥, and L, are connected in series, conducting
through D, thereby forming the primary charging path for C,
(path: ¥, ~L ~D,~C)). Concurrently, the same current continues
through D, and L, to charge C, (path: V, -L -D —~L -D
C)). Finally, energy is transferred to the output via D, and C,,
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Fig. 5. Comparison of energy transfer mechanisms between CCBC and the
proposed converter.

feeding the load (path: V, —L,-D ~L,~C,-D~C/R).

C. Comparative Analysis of Circuit Operation Principle

The fundamental operational difference between the conven-
tional two-switch cascaded boost converter and the proposed
topology can be conceptualized through their distinct energy
transfer philosophies, as summarized in Fig. 5. The conventional
converter operates on a "cascaded energy relay" principle, where
energy is processed and transferred sequentially through two
completely decoupled stages, as shown in Fig. 5 (left). In stark
contrast, the proposed converter employs a “switched-capacitor
voltage stacking” principle. Here, during the switch-off period,
the inductor current is directed to charge the switched-capacitor
network, whose voltage is then algebraically added to the input
source voltage before being delivered to the output, as shown in
Fig. 5 (right). This intrinsic difference in the energy transfer path
is the root cause for the superior performance metrics, such as the
higher voltage gain and reduced voltage stress, as listed in Table 1.

III. STEADY-STATE PERFORMANCE ANALYSIS

A. Calculations of Voltages

When S, and S, are driven ON, the closed-loop paths in the
power stage, as shown in Fig. 4(a) are analyzed using Kirchhoff’s
voltage law (KVL), leading to (1):

VitV =0
VeV, =0 M
Ve Ve =0

Following the same procedure, the voltage equations for the
loops in Fig. 4(b) are derived using KVL:
VitV +Ve =0
s
-V,

AV AV Ve =0 )}
+V,, +V, =V +V=0

n
where the subscript “+” denotes the inductor’s charging state;
“— denotes its discharging state.

By considering the volt-second balance principle in (1) and
(2), a governing expression for inductors L, and L, is derived:

dXVin +(1_d)><(l/m_VCl):0
dxVe+(1-d)x (Ve V) =0 )

The voltage values of all capacitors can then be obtained.

1
V. xU.
C1 1—d in
1
Ver =Ves :mxl/in 4)
V., =——xV.
Cco (l—d)2 in

The voltage gain can be obtained as:

nh__ 2
v, (-dy )
From the analysis of the circuit states described above,

combined with (1)—(4), the voltage stress across all components
can be determined:

B. Calculations of Currents

Based on the two switching-state equivalent circuits shown
in Fig. 4, the instantaneous expressions for all capacitor
currents are formulated through the application of Kirchhoff’s
current law (KCL):

ICl(on) =—1;, Cl(off) — I, -1,

™)

C3(off) — IL2 + [cz(off)

I

IC2((m) = _[C3(0n) [C2(off) ==, +IC3(off)
IC}(on) = _ICZ(on) I
— /

]CO(on) = ]0 CO(off) — _]o - 1C2(off)

Assuming 100% efficiency and based on the principle of
power conservation (P, = P,_ ), the charging and discharging
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TABLE I
THE COMPARISONS BETWEEN THE PROPOSED TYPOLOGY AND THE OTHER TYPOLOGIES

Topology Switches Diodes Capacitors  Inductors  Total elements Vs max' Vo Vb max'Vy ~ Common ground  Voltage gain
1
Boost 1 1 1 1 4 1 1 Yes 1-d
2
[12] 1 3 3 1 8 172 172 No 1-d
3-d
[8] 2 3 3 2 10 1/3-d) 2/(3-d) No 1-d
1
CCBC 2 2 2 2 8 1 1 Yes (-d)
2-d
[19] 1 4 3 2 10 1/(2=d) 1/2-d) Yes (1-d)’
1-d
+
[21] 1 4 4 3 12 1/(1+d) 1/(1+d) No (1-d)
2
1 1 12 1 1 Y =
[13] 5 3 3 es (1- a’)z
2
Proposed 2 4 2 4 12 172 172 Yes m
of inductors in the circuit, /,, and /,, can be derived. , 2.Jd ,
2 S1(rms) d(l _ d)2 0
I, =1 = x
L1 in (l—d)z 0 '\/3(1+d)
®) ISZ(rms) = [0
5 d*(1-d)
1, = x I
R T A 20/1-d an

By combining the circuit equations from (7) and (8) and
applying the charge-balance principle, the capacitor current
expressions for both switching states are derived, thus
obtaining the following results:

2dI
~21 = %o
Leyon) :1__; cleom (1-d)?
-1
I _ 0
I -0 Cc2(off) — 7 7
C2om) ~ g and 1-d ©)
_ I
1C3(0n) = % IC3(0ff) = l_od
—_ dl
ICO(on) - ]0 ICO(off) =ﬁ

On the basis of the preceding analysis, the current stress
experienced by the switches and diodes is summarized as follows:

;o2
P R R ]
2
_(1+d)l, PO —d
Yodi-dy |, _1L
D3 d

Based on the circuit analysis, the root mean square (RMS)
current levels for the semiconductor elements are determined as:

Dl(rms) — (l—d)3 0
1-d
DO(rms) [D2(rms) = mlo

Ja

D3(rms) 4

1

I 1,

As can be seen from (11), the switches S, and S, and D,
located in the main power transfer path are subject to current
stresses that are multiples of the output current /. This is an
inherent trade-off for achieving high voltage gain. In contrast,
D,, D,, and D, only conduct currents comparable to or less
than the load current, as they are not directly involved in the
primary voltage-boosting process.

Consistent with (8), the RMS current of L, and L, equal its
average value. The RMS current calculations for the capacitive
components proceed as follows:

;o __2d
Cl(rms) M(l—d) 0
I 1

C2(rms) = IC3(ITHS) = Cl(l——d)lo (12)

d

]CO([ms) = mlo

As indicated in (12), the current stress on C| is the most
pronounced. This is attributed to its critical role in both charge
transfer and energy buffering during the two switching states. In
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contrast, the output C; exhibits the minimum current stress, which
aligns with its primary function as an output voltage filter.

C. Inductor and Capacitor Ripple

Combining the established voltage-current equations with
previous analytical results allows for the determination of
the inductor current ripple (Ai, , Ai,,) and capacitor voltage

Av,,Av,, and Av ) as follows:

variations (Av,,,,

2dU T
Uey =——
(1-d)RC,
—d)? U,T.
Aij, = d(1-d)"U,T, Auyy = Lol
2L, RC, a3
Aj _d(1-d)U,T A U, Ty
Iy = Ucy =
2L, RC,
Autgy = du T
RC,

(13) reveals the dependencies of both the inductor current
ripple and the capacitor voltage ripples on circuit parameters,
including D, V, T, R, and the respective component values.
This relationship thus serves as a direct basis for determining
the required values of L , L,, C,, C,, C,, and C,.

1?2

D. Losses and Efficiency

The total power loss of the switches is primarily composed
of conduction losses and switching losses.

2 2

1
F)S = ZISi(n‘ns)zrds[ +ZIEVS[[VSiCOSSi +[Si(tri +tfi)]fs (14)

i=1

where the parameters are defined as: »,, = on-state resis-tance,
C,.. = output capacitance, ¢, = rise time, and #,= fall time.

The total power loss in the diode arises from two com-
ponents: the loss due to the forward voltage drop (V) and the

ohmic loss associated with its on-state resistance (r;,).
3 3 ) )
PD = ZVFilDi + VFOIDO +21Di(rms) i t+ IDO(rms) "po (15)
i=1 i=1

The total power dissipation in L, and L, can be determined
using the following expression, which accounts for the RMS
currents and ESR (#)):

2

P = ZILi(mls)eri (16)

i=1
The capacitor losses are calculated as below:

3

2 2
F.= ZICi(rms) ot ]CO(nns) Tco (17)

i=1

where 7. denotes the ESR of capacitor.
By incorporating the loss parameters obtained from (14) to
(17) into the efficiency model, the overall conversion efficiency

of the converter is derived as:
I I
= (18)
P B+P +P,+P +F.

sum

]7:

N MOSFETs loss
15 Diodes loss
Inductors loss
I capacitors loss
_ [
\% 10
2
3 .
5 ]
0

50 100 150 200 250 300
Power (W)

Fig. 6. Histogram of loss distribution.

Bam=H+t B+ B+ P+ F

dafF(ary, +1,,) "

P
= R_Od(4a2rds] + ﬂzrds2) + R

P
°TfS[2a5(a1 1)+ Bl )]+ 2aV, 1, +

Voot Ve)ly  Vishy | 4Ry, |

o d OR
azépo(’bo"'rm) Foros 4dazpo”c1 +Po(rcz+”c3)+
R d*R oR doR
dRyrc, Vi /s 2
—2 L2 5C  +C 19
5R 8 ( ossl 0532) ( )

where o= 1/(1 — dy, f=(1+ d)/d(1 — d)yand 6= (1 — d).

The loss distribution and theoretical efficiency are analyzed
using parameters obtained from the component datasheets.
Fig. 6 presents the loss distribution in histogram form derived
from the analytical model. The corresponding efficiency
curve is plotted in Fig. 7, which shows that the converter
achieves a peak efficiency of 97.01% at a light load of 50 W,
with efficiency monotonically decreasing as the output power
increases to the full-load condition of 300 W.

E. Small Singal Analysis

The operational states define specific capacitor connections.
When S, S, are turned ON simultaneously, C, is connected
in parallel with C, through D, and S,. Conversely, when both
switches are OFF, C, forms a series connection with C,, and this
combination is then placed in parallel with the output capacitor
C, via D, as illustrated in Fig. 4. These interconnection
constraints lead to the following relationship among the
capacitors, indicating a dependency that reduces the number of
independent variables in the system.

Cydv, B C,dv,,
dr dr (20)
Ver +Ves =V

To eliminate the ineffective variables, an ESR is introduced
into the loop, and thus (20) can be rewritten as:
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Fig. 8. Equivalent circuit with a series equivalent resistance.

_Gdv, Ve Ve
dr r an
_ Czdvcz _ VC3 + ch — VCO

dr 7

In the model, », (ESR of the C,~C, loop) and r, (ESR of
the C,~C,—C, loop) are both set to 30 mQ. The associated
equivalent circuit is presented in Fig. 8.

Analysis of State 1 operation (duration d7;) under the above
conditions, using KVL and KCL on the circuit in Fig. 4(a),
leads to (22).

Ldi
Vip=Va= ldtu
L,di
Vio=Ve = zdth
. . Cdv,
ey =71 = ldta
22
_ Ves=Ves _ Cydve, @2)
cz 7y dt
R Ver =Ves — Cydvg,
le3 ="y = P T4
3
I _h _ Cydv,,
“ R dr

The state-space model for State 1, given in matrix form by
(23), characterizes the system dynamics when both switches are
ON. This model explicitly defines the coupling relationships
between the inductor currents and capacitor voltages. Of
particular note is the structure of the system matrix, which
reveals that the output voltage v, is primarily governed by the
dynamics of capacitor C; and the load R, as evidenced by the
term —1/RC, in the lower-right corner. This structure provides
critical insight for the subsequent controller design.
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[dix®W ]l o0 0 0o o0 0]
dr 1
. 0 0 — 0
dle(t) Lz T (O]
df _1 ZLI()
del(t) 0 F 0 0 0 0 iLQ(t)
- 1
de | _ - Ve (7)
dv @ [Flo 0 0 =L L g x|
T rnC, nrC, Ve (1)
_ t
dves( | 1o 0 o0 L Ves!)
dr Gy rG, | Veo(D) ]
-1
dve,®| 100 0 0o 0 —
L dl | L RCO_
- .
- 0 0 0 0 o} xv. (1) (23)
L1

Similarly, when the converter operates in state 2, applying
KVL and KCL law, (24) can be obtained.

Ldi
vV, =V, -V, ="
L1 in Cl dt
. L,di
VLszC'l_le'r3_Vc3: 2dtL2
L Cdve,
Iy =iy =i, =———
a = in Tl 1
_ Veo=Ver =Ves _ Cydve, (24)
e r, dr
I-C3:l-L2+iCZZiL2+Vc0_Vc2_VC3:Csj;’m
)
o Ve VetV Ve Ve - Gidve
leo = lea R R d
r, t

The model for state 2, described by (25), exhibits a more
complex system matrix compared to state 1. This complexity
arises from the series-parallel reconfiguration of capacitors C,
and C, with the output, introducing additional coupling terms,
particularly those involving the ESR r,. The resulting averaged
model (25), incorporates the interactions between the two
switching states, forming the foundation for frequency-domain
analysis and control design.

[di, ()] |0 o0 Ly 0 0
- L
dr 11 |
di, (1) 0o -5 L o =2 0 ]
dr L, L, L i, ()
Fu(CY I S ERC
RN e ],
t — _
Vfiiz() o 0 o0 ! ! Ver (7)
I R
dr o — 0 _Vco(t)_
G nC; R G,
dve, (D) 1 1 R+,
dr 0 O 0
L 4 nC, rnC, —nKRC |
- r
T O 0 0 O 0} xv, (1) (25)
L+
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From (23) and (25), the state-space averaged equation for one

switching cycle is derived, as given in (26).

173

Express all variables as the sum of their DC and small-signal
components, i.e., introducing perturbations, as shown in (27).

[ di, (0) | 0 0 1-d 0 0 0 1 L1, Ve, Ve Ve Vs Vo and D denote the steady-
Ta -L state components, and i, (t), i,,(£), v, (1), v,(0), v(0), v, (D),
di,, (1) 0 r(-d) 1 0 1-d 0 vo(8), and d represent the dynamic small-signal perturbations

dr -L, L, -L, corresponding to the system’s steady-state operating point.
b, | |1=d -1 o, 0 A
dr _| G G i) =1p, +1,()
dv.,(t) | = 1 2d-1 1-d |~ ) :
% 0 0 0 C C C Iy (0) =1, +1;,(1)
2 2 2 A
ves (1) o 1=d ,2d-1 -1 1-d Ver(£) =Vey + ¢, (1)
d dt(t) G rCy o rG rCy Ver (1) =Vey + V6, (1) 27
vV — — —_ R ~
% 0 0 0 ! Cd ! Cd dR Rlé r Ves (1) =Ves +ves (1)
r 4 r. A
- 7 ’ ’ ¢ Veo(1) = Vg + ¢ (1)
i, (¢ IS
d=D+d
iLZ (t)
va@ | [1 !
VU ) + {L 0 0 0 O 0} x vy (1) By substituting (27) into the resulting expression, separating
ch ) ! the disturbance terms, and neglecting higher-order small-signal
< components, the small-signal model of the proposed converter
[Veo(®). is derived. The complete algebraic formulation of this model is
(26)  presented in (28) below.
o I - l [ 1 ]
diy, (1) 0 o =4 0 0 00— 0 0 0
dr -1 o L, |
diy, (1) o r=d 1, 1-d 0 i o] 1 0 —0 0 — 0
dr -L, L, -L, M L, L, L,
dite, (1) lg—d _Fl 0 0 0 i1, (1) 0 %1 0 0 0 0 0
dr _ 1 1 ﬁg] ® 0 s 1
dii.., (f) 1 o2d-1 1-d [0 AT @O+ > o1 ¥
Sl 0 0 0o — U, (D] 1 0 00 0 0 — —
dr rC, rC, rC, Gy (2) rC, rC,
diic, (1) o l=d , 2d-1 -1 1-d i ol |° I
dr c, rC,  rC, rC, - Lo . G rC,
ditco (1) 0 0 o 1-d 1-d dR-R-r o o o ~L L1
dr rC, rC, "RC, | | rC, rC, rC, |
1
ILZ
U ~
UC] xd(t) (28)
Cc2
UC3
Weo

G (s)= Vo (8) _ 1.6x10%7s° —=6.1x10%*s* —1.0x10%s” +1.4x10%s* —6.6x10%s +5.0x10" (29

o d(s) O T 4.0x10Y5° +1.3x10% 5% +1.1x10%5* +9.4x10% 5* +4.5x10% 5> +9.8x10% 5 +2.5x 10" )

IV. PARAMETERS DESIGN

The design of the power and controller circuit parameters of
the target converter is carried out as subsequent analysis.

A. Power Circuit

The operating conditions for the proposed converter are

defined as:

1) DC supply voltage (input): V, , =32'V;

2) High-voltage DC output: ¥, =400 V;

3) Target output power: P, =250 W,

4) Converter operating frequency f., = 20 kHz.

Guided by the preceding electrical stress characterization of
semiconductor devices—including voltage/current stress, and
switching dynamics, the following device models are designed
to align with the observed operational constraints, ensuring
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Fig. 9. Bode plot of (a) open-loop system and (b) closed-loop system.

accurate representation of real-world performance under speci-
fied loading conditions.

5) S, and S : IXTK102N30P (V=300 V, [ ;= 102 A);

6) D,~D,: DSEC60-03A (V,,,, =300V, [, ,= 60 A).

The minimum required design parameters for the inductors

and capacitors are obtained from (30).

_ 24V,
' (1-d)RAv,,
2
C = VT, L= d(l—d) VT
RAv, 2Aiy, (30)
30
c, = s 1, = dA=NTy
RAv,, 240,
_ ANy
0 RAv,,

For inductors L /L,, design ripple current is set to 30% of the
rated current; for capacitors C,—C,, permissible voltage ripple
is 1%; and for output capacitor C, it is 0.5%.

The analysis above yields the following design values for
the energy storage components. Specifically, L = 330 uH, L,=
2mH, C =220 pF, C,= C;= 68 uF, and C;= 120 pF.

B. Controller Circuit Design

Substituting the defined parameters and component specifi-
cations into (28) and applying the Laplace transform yields the
converter’s control-to-output transfer function, given by (29) at
the bottom of the previous page.

The bode plot derived from the uncompensated system
function, as shown in Fig. 9(a), reveals a gain margin of —27.9
dB and a phase margin of —57.1°. These negative margins in-
dicate instability under the current configuration, necessitating
compensation to achieve the required dynamic response and
steady-state performance.

10° 10° 107

Bode diagram
Gm =17.2 dB (at 1.88e+03 rad/s), Pm = 60.1 deg (at 464 rad/s)

50

Magnitude (dB)

Phase (deg)

0 2 4 106

10 107 10
Frequency (rad-s')

(b)

To this end, a lead-lag compensation network is employed.
The compensation function is presented in (31).

 44787(s +120)°
€ s(s+1.256x10%)?

GD

The closed-loop frequency response, depicted in Fig. 9(b),
demonstrates significant improvement: The phase margin
reaches 60.1° and the gain margin 17.2 dB, which effectively
ensures system stability and enhances dynamic performance.

C. Control Design Implications

The small-signal modeling conducted in this section yields
several critical conclusions that directly guide the compensator
design:

1) System order and complexity: The sixth-order averaged
model confirms the complex, multi-state nature of the proposed
converter. The compensator must be designed to ensure stability
across these interacting states.

2) Key control-to-output paths: The model identifies the
primary paths from the control duty cycle (@) to the output voltage,
which are essential for shaping the loop gain.

3) Stability objective: The initial analysis of the uncompensated
system depicted in Fig. 9(a), conclusively demonstrates nega-
tive gain and phase margins, unequivocally necessitating com-
pensation to achieve stable operation.

4) Compensator role: The derived transfer function, (29)
provides the precise plant model required to design the type-
II compensator, as show in Fig. 10. The compensator’s zero/
pole placement is strategically chosen to provide sufficient
phase boost at the target crossover frequency, counteracting the
inherent phase lag of the power stage.

In summary, the core conclusion is that while the converter’s
multi-element structure introduces complexity, a carefully
designed lead-lag compensator is both necessary and sufficient to
achieve robust stability and satisfactory dynamic performance, as
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Fig. 11. Voltage gain compared with other converters.

conclusively verified by the improved margins in Fig. 9(b).

V. CoMPARISON WITH OTHER CONVERTERS

Table I provides a comparative summary of key perfor-
mance metrics for the proposed converter and several recent
topologies, all designed for low-voltage renewable sources.
The proposed converter achieves a superior voltage gain with
lower semiconductor voltage stress, as evidenced in Fig. 11. For
instance, it significantly reduces the voltage stress compared to the
component-similar design in [13], attains a higher gain and lower
switch stress than the simplified converter in [19], and achieves
a more favorable gain-to-stress balance than the topology
in [21]. These collective advantages-higher gain, reduced
stress, and high efficiency-collectively demonstrate a funda-
mental advancement for high-step-up applications.

V1. EXPERIMENTAL VERIFICATION AND ANALYSIS

A prototype was built and tested in the lab for experimental
validation, as illustrated in Fig. 12. Following the parameters
in Section VI, the measured results confirm the analytical
findings, as summarized in Table II.

Fig. 13 presents the experimental waveforms capturing
the key electrical quantities at both the input and output ports
Vo Lo Vo L) Tor the proposed switched-capacitor-based
cascaded high-gain boost converter. As demonstrated, with an
input voltage of 32 V, the converter successfully achieves a
stable output voltage of 400 V, corresponding to a voltage gain
of approximately 12.5. The waveforms clearly validate the
excellent step-up capability of the proposed topology.

The inductor currents exhibit the expected linear ramping
during the switch on and off periods, confirming the theoretical
operating principle, as depicted in Fig. 14.

Fig. 12. Prototype of the proposed converter.

TABLE II
COMPONENTS AND PARAMETERS OF PROTOTYPE

Components Parameters
Input voltage Vin 32V
Output voltage Vo 400 V
Output power P 250 W
Switching frequency f; 20 kHz
Inductors L / L, 330 pH/2 mH
MOSFETs Q) and O, IXTK102N30P
Diodes Do~ D; DSEC60-03A
Capacitors C1/ Co 220 pF/120 pF
Capacitors C; and C3 68 uF

1 v (10 t;/ div)

v, (200{V / div)

WAAAAAAAAAAAANAAAAAAA
i (5.4/div)
[ -

g i,(1 A/ div)

Fig. 13. Input/output voltage and current waveforms.

i (2 W/divy
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Fig. 14. Inductor L, and L, current waveforms.
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Fig. 15. Experimental verification of the voltage stresses across main
semiconductors. (a) Voltage stress of switches S, and S,. (b) Voltage stress of
diodes D, and D.. (c) Voltage stress of diodes D; and D,,.

Fig. 15(a)—(c) shows the voltage stress distribution across
power switches S —S, and diodes D,~D,. Analysis reveals
that the maximum voltage stress across these semiconductor
devices reaches approximately 200 V—precisely half the
output voltage. This feature permits the selection of low-on-
resistance switches—aimed at minimizing conduction losses
and high-performance diodes featuring suitably low voltage
ratings to boost conversion efficiency.

To demonstrate the dynamic performance of the proposed
converter, a load step-change experiment was performed by
varying the load between 800 Q and 400 Q. As shown in
Fig. 16(a), the output current rapidly increases from 0.5 Ato 1 A,
while the output voltage (U,) remains regulated at approximately
400V due to the action of the voltage control loop. Furthermore,
Fig. 16(b) confirms that the output voltage remains stable at
400 V despite input voltage changes. These results collectively
attest to the converter's excellent dynamic regulation.

The experimental results are summarized in Fig. 17, which
illustrates the efficiency performance of the proposed converter
with respect to both input voltage variation and output power
variation.

Fig. 17(a) depicts the measured efficiency as a function of

v, (200 V/div)

-]

i,(500 mA/div)

2|
\ .
WﬁmﬂﬂJ e |

(@

|

v (10 V/div)

mma/ \ﬁhmmu-

v, (200 V/div)

(b)

Fig. 16. Dynamic experimental waveforms of the converter. (a) Output response
to a step load. (b) Input voltage disturbance.

input voltage under full-load conditions (250 W). It can be
observed that the converter maintains high efficiency across a
wide input voltage range, demonstrating its robustness against
input variations. Fig. 17(b) compares the theoretical efficiency
(red curve), derived from the analytical loss model in Section
M1, with the experimentally measured efficiency (blue curve)
as the output power increases from 50 W to 300 W. The close
theoretical-experimental alignment confirms the accuracy of
the loss model in (14)—(18). The experimental results confirm
a peak efficiency of 95.6% at approximately 50 W and a
full-load efficiency of 94.3% at 250 W, which matches the
theoretical predictions shown in Fig. 7. The slight discrepancy
at medium load levels can be attributed to parasitic effects and
non-ideal switching behaviors that were not fully accounted for
in the theoretical model.

To further elucidate the sources of power loss at the rated
operating point, a detailed loss breakdown analysis was
conducted. This analysis corresponds to the experimental
efficiency point at the full-load condition of Pi= 250 W (with
V.=32Vand V=400 V), as indicated on the blue curve in
Fig. 17(b).

The resulting loss distribution is presented in Fig. 17(c). It
provides a quantitative dissection of the total losses, revealing
that switching losses in the power MOSFETs constitute the
most significant portion, accounting for approximately 40% of
the total loss. This breakdown offers critical insights that align
with the observations from the efficiency curves. Specifically,
it corroborates why the experimental efficiency at 250 W is
slightly lower than the theoretical prediction, as the model may
have underestimated the switching losses. These experimental
findings effectively corroborate the converter’s practical
efficiency performance and reinforce the conclusions drawn
from the theoretical loss analysis.
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VII. CoNCLUSION

To overcome the issue of high voltage stress on semiconductor
devices in conventional cascaded boost converters, this paper
proposes a novel topology that incorporates a switched-capacitor
unit. This design achieves a high voltage gain while significantly
reducing the voltage stress across all semiconductors, effectively
limiting it to 50% of the output voltage. Furthermore, the
implemented common-ground configuration between the input

and output ports not only reduces maintenance requirements but
also mitigates electromagnetic interference, enhancing overall
system reliability. Owing to these advantages, the proposed
converter is particularly suitable for high-step-up conversion
applications, such as solar photovoltaic and fuel cell power
generation systems.
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