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ABSTRACT This paper presents small-signal modeling, stability analysis, and controller design of a non-
isolated bidirectional hybrid-modular DC-DC Converter for DC grid applications. The DC-DC converter
can be used to interconnect two different DC voltage levels in a medium-/high-voltage DC grid. Half-bridge
Sub-Modules (SMs) and a high-voltage valve are the main components of the converter. The high-voltage
valve can be implemented via employing series-connected Insulated-Gate Bipolar Transistors (IGBTs).
Operation with zero voltage switching of the involved high-voltage valve is feasible, i.e., there is no concern
pertinent to dynamic voltage sharing among the series-connected IGBTs. The power is transferred from
one side to another through the involved SMs, where their capacitors are connected in series across the
high-voltage side, while they are connected sequentially across the low-voltage side. In this paper, the state-
space averaging technique is employed to derive the small-signal model of the presented converter for
controller design. Closed-form expression of the duty cycle-to-inductor current transfer function is extracted.
Comparison between simulation results of the small-signal model and the detailed circuit model is presented
to authenticate the accuracy of the derived small-signal model. Finally, a scaled-down prototype is used to
verify the accuracy of the small-signal model.

INDEX TERMS Converter modeling, dc-dc converters, dc grids, hybrid-modular converters, small-signal
analysis.

I. INTRODUCTION
The DC-DC converters or DC transformers are widely used
to transfer the DC-power between two different DC volt-
age levels in high-power conversion applications [1]. The
literature has reported many types of DC-DC converters,
such as the classical Pulse Width Modulation (PWM)-based
switch-mode DC-DC converters [1]–[8], where in [1], var-
ious step-up dc-dc converters have been comprehensively
reviewed and classified. In [2], nine DC-DC converters,
which offer continuous input and output energy flow, have
been presented. In [3], a novel switching DC-DC converter
with a large voltage step-down ratio has been introduced.
In [4], topologies of bidirectional PWM DC-DC converters

The associate editor coordinating the review of this manuscript and
approving it for publication was Zhouyang Ren.

have been introduced. In [5], the efficiency results have
been presented and assessed for several DC-DC converters.
In [6], several architectures of switched-capacitor/switched-
inductor PWM DC-DC converters have been examined for
trasnformerless operation. In [7], the interleaved operation of
boost converters has been proposed for high-power applica-
tions. In [8], classification and review of the most important
non-isolated boost DC-DC converters have been presented.

Recently, modular DC-DC converters have been proposed
in the literature, where in [9], two modular multilevel config-
urations have been presented to step-up/-down DC voltage is
medium-/high-voltage applications. In [10], a new modular
HVDC-DC converter has been devised for the direct intercon-
nection of different voltage levels in DC grids. In [11], [12],
the ability of interrupting/blocking the DC fault current in
modular DC-DC converters has been investigated.
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FIGURE 1. The self-balanced hybrid-modular DC-DC converter.

In [13], [14], the DC-DC autotransformer concept has
been introduced. In [15], [16], different modular DC-DC
converter structures have been presented. On the other
hand, hybrid-modular multilevel DC-DC converters have
been presented in the literature [17]–[19], where in [17],
a scalable DC-DC converter topology applied to a shunt
connected HVDC tap has been proposed. In [18], differ-
ent hybrid modular converters have been reported with
detailed operating principle. In [19], a DC-AC-DC sys-
tem, using a transformer coupling with two modular mul-
tilevel VSCs, has been proposed with high-frequency AC
link to reduce the volume of the involved passive com-
ponents. Finally, in [20]–[22], the DC-DC converters have
been employed as power flow controllers in DC-grids
applications.

Nonetheless, modular/hybrid-modular DC-DC converters
are not self-balanced as voltage measurement of the involved
Sub-Modules (SMs) capacitors is essential to guarantee oper-
ation with balanced capacitor voltages.

A self-balanced hybrid-modular DC-DC converter has
been proposed in [23], where neither voltage measurement
nor special controller is required. The power is transferred
from one side to the other through the half-bridge SMs capac-
itors. The SMs capacitors are connected sequentially (one by
one) across the low-voltage side for a period of DTs; where
D is the duty cycle of the involved high-voltage valve and
Ts is the switching periodic time. On the other hand, they
are connected in series across the high-voltage side for a
period of (1-D)Ts. In addition to the self-balanced operation,
this converter requires a lower number of high-voltage valves
compared to the other existing hybrid-modular DC-DC
converters [18].

The converter structure provides the possibility of operat-
ing the high-voltage valve with zero voltage switching; which
eliminates the challenges and complications of implement-
ing the high-voltage valve via employing series-connected
IGBTs, i.e., with the zero-voltage switching the dynamic
voltage sharing is not a concern. Nevertheless, model-
ing and controller design of this converter have not been
discussed.

This paper presents a linear state-space model for the
non-linear non-isolated hybrid-modular DC-DC converter

in [23], which can be utilized for small-signal modeling,
dynamic studies, and controller design. The state-space aver-
aging technique is employed to extract the duty cycle-to-
inductor current transfer function. Controller design and
system stability are assessed in this work with the aid of
the derived transfer function. The small-signal model is val-
idated through a comparison with a detailed time-domain
circuit model simulation using MATLAB/Simulink soft-
ware package. The dynamic performances of both mod-
els are compared, and the results show an agreement in
the dynamic performances. Finally, a scaled-down prototype
of the hybrid-modular DC-DC converter is implemented,
and its dynamic performance is compared with that of the
small-signal model assuming the experimental setup param-
eters. Both performances are very close, which ensures
the effectiveness and validity of the extracted small-signal
model.

The paper is organized into six sections. After the intro-
duction, section 2 shows the basics of the converter under
study and its modes of operations. Section 3 presents the
small-signal model of the hybrid-modular DC-DC converter
under study. Section 4 shows the controller design and
system stability, while section 5 presents the simulation
and experimental validation of the extracted small-signal
model. Finally, section 6 summarizes the conclusions of the
presented work.

II. THE SELF-BALANCED HYBRID-MODULAR
DC-DC CONVERTER
A. GENERAL DESCRIPTION
The self-balanced hybrid-modular DC-DC converter [23]
under study is shown in Fig.1. The converter has a bidi-
rectional power capability. The duty cycle of the involved
high-voltage valve (SH) controls the power magnitude and
directions. The high-voltage side in the presented topol-
ogy (VdcH) is connected to the high-voltage inductor (LH),
where the inductor can be charged from the high-voltage
side via closing the high-voltage valve (SH). The high-
voltage valve is implemented by employing series-connected
IGBTs. An arm of n half-bridge SMs is the main part
of that converter, where their capacitors are connected
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FIGURE 2. The current paths during the turn-on period of SH and sequential connection period assuming the power flow
direction is from the high-voltage side to the low-voltage side. (a), (b) and (c) when the capacitor of first, second, and nth SM
respectively is connected across Cdc while bypassing the other capacitors.

sequentially across the low-voltage side DC-link (Cdc) dur-
ing the turn-on period of the high-voltage valve as shown
in Fig.2. A small limiting resistance (rL) should be employed
to limit the inrush current during the sequential-connection
period, which emanates from the sequential parallel con-
nection of SMs capacitors across the DC-link capaci-
tor (Cdc). The DC-link capacitor (Cdc) is connected to
the low-voltage side (VdcL) through small filter induc-
tance (Lf) to ensure smoothed DC current at the low-voltage
side.

After the sequential-connection period, the SMs capacitors
are connected in series across the high-voltage side, and the
DC-link capacitors are connected to the low-voltage side as
shown in Fig.3. The detailed design of the converter passive
elements can be found in [23].

B. CHALLENGES OF HIGH-VOLTAGE
VALVE IMPLEMENTATION
It has to be noted that the main challenge in the series-
connected IGBTs is the equal voltage sharing among the
IGBTs during switching times to avoid the over-voltage

problem due to the anticipated realistic mismatching
in IGBTs characteristics. With the support of converter
half-bridge SMs, zero voltage switching of the high-voltage
valve can be achieved via bypassing the high-voltage
valve (SH) before switching it on or off. This eliminates the
complexity of dynamic voltage sharing of series-connected
IGBTs.

C. POWER CONTROL
To transfer power from the high-voltage side to the low-
voltage side (i.e., idcH > 0), the duty cycle of the
high-voltage valve, namely, (D) is adjusted such that
the steady-state voltages of SMs capacitors are higher
than the voltage of low-voltage side DC-link voltage (vCdc).
As the voltage difference increases, the transferred power
magnitude increases. During the turn-on period of valve
SH, the inductor (LH) is charged, and the SMs capaci-
tors discharge their energy (one by one) in the low-voltage
side DC-link capacitor as shown in Fig.2. On the other
hand, during the series-connection period, shown in Fig.3,
the SMs capacitors are charged simultaneously to replenish
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FIGURE 3. The current paths during the turn-off period of SH and series-connection of SMs capacitors, assuming the power flow
direction is from the high-voltage side to the low-voltage side.

FIGURE 4. The steady-state variation of converter variables during one switching cycle Ts assuming three half-bridge SMs per arm
(n = 3). (a) Power flow direction is from VdcH to VdcL, and (b) power flow direction is from VdcL to VdcH.

their energy, and the inductor (LH) is discharged. The corre-
sponding variation of converter variables is shown in Fig. 4a.
To transfer the power in the opposite direction (idcH < 0),
the high-voltage valve duty cycle (D) should be lowered such
that the voltages of SMs capacitors are lower than the voltage
of low-voltage side DC-link voltage (vCdc). As the differ-
ence increases, the transferred power from the low-voltage
side to the high-voltage side increases. During the turn-on
period of SH, the inductor (LH) is discharged, and the SMs
capacitors are charged (one by one) from the low-voltage
side DC-link capacitor (Cdc). While during the turn-off
period, the SMs capacitors discharge their energy into the
high-voltage side, meanwhile the inductor (LH) is charged.
The corresponding variation of converter variables is shown
in Fig. 4b.

The duty cycle at which the transferred power is
zero is called the critical duty cycle. Zero transferred
power condition is achieved when the voltages of
SMs capacitors are equal to the voltage of low-voltage
side DC-link voltage (∼ VdcL). Based on the inher-
ited boosting action, the voltage of each SM capacitor

(vi) is given by (1) assuming continuous conduction
mode;

vi =
VdcH

n(1− D)
(1)

i.e., the critical duty cycle is given by;

Dcr = 1−
VdcH
nVdcL

(2)

If the operating duty D > Dcr, the power flow direction
is from the high-voltage side to the low-voltage side and
vice versa. Based on that, the power is controlled in the pre-
sented topology by simply controlling the high-voltage valve
duty cycle. This can be achieved by applying Proportional-
Integral (PI)-based current controller for the DC current at
the high-voltage side (idcH) to generate the suitable duty cycle
of the high-voltage valve SH as shown in Fig.5. The cur-
rent reference (i∗dcH) equals P∗H/VdcH, where P∗H is the
desired power level. The sign of (P∗H) is positive when the
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FIGURE 5. The control system of the presented converter.

desired power flow direction is from VdcH to VdcL and vice
versa.

To investigate the system stability and design properly the
current controller, the duty cycle-to-inductor current transfer
function, namely, Gp(s) is estimated via employing small-
signal modeling of the presented converter as illustrated in the
following section.

III. THE SMALL-SIGNAL MODELING
In this section, the state-space averaging technique [24]
is employed to derive the small-signal model of the
presented converter assuming that the converter is oper-
ating in continuous conduction mode, all passive com-
ponents are lossless, and all semiconductor devices are
ideal. The state-space equation of the system is given
by;

ẋ = Ax + Bu (3)

where x is the state vector and u is the input vector, and they
are given as;

x =



x1
x2
x3
x4
:

xn+2
xn+3


=



idcH
vCdc
v1
v2
:

vn
idcL


(4)

u =
[
VdcH
VdcL

]
(5)

The states of the presented self-balanced hybrid-modular
DC-DC converter are the inductors currents and capacitors
voltages, i.e., the total number of states is n + 3 as given
in (4), while the input matrix of the converter is defined
in (5).

A. STATE-SPACE MATRICES DURING
TURN-ON PERIOD OF SH
During the turn-on period of the high-voltage valve SH,
the SMs capacitors are connected sequentially across the
low-voltage side DC-link voltage (vCdc) as shown in Fig.2.
Each step of the nsequential-connection steps lasts forDTs/n;
where Ts the switching periodic time. Each step has its

own Ai and Bi matrices, where i is the number of the step
where i = 1, 2, .., n. For example, in the first step (i.e.,
i = 1), the first SM capacitor C1 is connected across the
low-voltage side DC-link capacitor Cdc through the limit-
ing resistance (rL) as shown in Fig.2a. The corresponding
state-space equations can be written as in (6), assuming equal
SMs capacitances, i.e., C1 = C2 = . . . = Cn = Ci. The
corresponding A1 and B1 matrices are given by (7a) and (7b),
respectively.



LHx ·1 = VdcH

Cdcx ·2 =
(x3 − x2)

rL
− xn+3

Cix ·3 =
(x2 − x3)

rL
Cix ·4 = 0
:

:

Cix ·n+2 = 0
Lf x ·n+3 = x2 − VdcL

(6)

A1

=



0 0 0 0 .. 0 0
−1/(rLCdc) 1/(rLCdc) 0 0 .. 0 −1/Cdc

0 1/(rLCi) −1/(rLCi) 0 .. 0 0
0 0 0 0 .. 0 0
: : : : : : :

0 0 0 0 .. 0 0
0 1/Lf 0 0 .. 0 0


(7a)

B1

=



1/LH 0
0 0
0 0
0 0
: :

0 0
0 −1/Lf


(7b)

Based on Fig.2b, the state-space equations during the sec-
ond step are given by (8). The corresponding A2 and B2
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matrices are given by (9a) and (9b), respectively.

LHx ·1 = VdcH

Cdcx ·2 =
(x4 − x2)

rL
− xn+3

Cix ·3 = 0

Cix ·4 =
(x2 − x4)

rL
Cix ·5 = 0
:

Cix ·n+2 = 0
Lf x ·n+3 = x2 − VdcL

(8)

A2 =



0 0 0 0 0 .. 0 0
0 −1/(rLCdc) 0 1/(rLCdc) 0 .. 0 −1/Cdc
0 0 0 0 0 .. 0 0
0 1/(rLCi) 0 −1/(rLCi) 0 .. 0 0
0 0 0 0 0 .. 0 0
: : : : : : : :

0 0 0 0 0 .. 0 0
0 1/Lf 0 0 0 .. 0 0


(9a)

B2 =



1/LH 0
0 0
0 0
0 0
0 0
: :

0 0
0 −1/Lf


(9b)

Similarly, for the other consecutive steps. Based on Fig.2c,
the state-space equations during the nth step are given by (10).
The corresponding An and Bn matrices are given by (11a)
and (11b), respectively.

LHx ·1 = VdcH

Cdcx ·2 =
(xn+2 − x2)

rL
− xn+3

Cix ·3 = 0
:

:

Cix ·n+1 = 0

Cix ·n+2 =
(x2 − xn+2)

rL
Lf x ·n+3 = x2 − VdcL

(10)

An =



0 0 0 .. 0 0 0
0 −1/(rLCdc) 0 .. 0 1/(rLCdc) −1/Cdc
0 0 0 .. 0 0 0
: : : : : : :

0 0 0 .. 0 0 0
0 1/(rLCi) 0 .. 0 −1/(rLCi) 0
0 1/Lf 0 .. 0 0 0


(11a)

Bn =



1/LH 0
0 0
0 0
: :

0 0
0 0
0 −1/Lf


(11b)

B. STATE-SPACE MATRICES DURING
TURN-OFF PERIOD OF SH
During the turn-off period of the high-voltage valve SH,
the SMs capacitors are connected in series across the
high-voltage side through the inductor (LH) as shown in Fig.3.
This mode lasts for a time of (1-D)Ts. The corresponding
state-space equations can be written as in (12). The corre-
sponding An+1 and Bn+1 matrices for this mode are given by
(13a) and (13b) respectively.

LHx ·1 = VdcH −
n+2∑
k=3

xk

Cdcx ·2 = −xn+3
Cix ·3 = x1
:

:

Cix ·n+2 = x1
Lf x ·n+3 = x2 − VdcL

(12)

An+1 =



0 0 1/LH .. 1/LH 1/LH 0
0 0 0 .. 0 0 −1/Cdc

1/Ci 0 0 .. 0 0 0
1/Ci 0 0 .. 0 0 0
: : : .. : : :

1/Ci 0 0 .. 0 0 0
0 1/Lf 0 .. 0 0 0


(13a)

Bn+1 =



1/LH 0
0 0
0 0
0 0
: :

0 0
0 −1/Lf


(13b)

ẋ =
(
(A1 + A2 + . . .+ An)

D
n
+ An+1(1− D)

)
x+Biu

(14)

C. SMALL-SIGNAL STATE-SPACE MATRICES
The average state-space representation is shown in (14).
where the time of the SMs capacitors sequential-connection
steps is DTs/n, while the series-connection of SMs capac-
itors lasts for (1-D)Ts. Assume that the states, duty cycle,
and inputs are represented by the DC values plus the
superimposed small AC variations (i.e., equilibrium points
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plus perturbation around those points) as in (15) and (16).
The voltages of high-voltage and low-voltage sides are
assumed constants with no perturbations in the presented
analysis, i.e. û = 0. 

x = X + x̂
D = d + d̂
u = U + û

(15)

with 
x̂ � X
d̂ � d
û� U

(16)

Substituting from (15) into (14) yields (17) and (18).

Ẋ + ˙̂x =
(
(A1+A2+. . .+An)

D
n

+An+1 (1− D)
)
(X + x̂)+ Bi(U + û) (17)

Ẋ + ˙̂x =

(A1 + A2 + . . .+ An)
(
d + d̂

)
n

(X + x̂)

+An+1
(
1− d − d̂

)
(X + x̂)

+ BiU (18)

Based on (18) and by neglecting the double small-signal
terms (d̂ x̂), the ac small-signal (linear) state equation is
derived as in (19).

˙̂x =
(
d
n
(A1 + A2 + . . .+ An)+ An+1 (1− d)

)
x̂

+

(
1
n
(A1 + A2 + . . .+ An)− An+1

)
Xd̂ (19)

Taking the Laplace transform of both sides of (19) yields (20).

sx̂ (s) =
(
d
n
(A1 + A2 + . . .+ An)+ (1− d)An+1

)
x̂ (s)

+

(
1
n
(A1 + . . .+ An)− An+1

)
Xd̂(s) (20)

By merging the aforementioned matrices, the matrices shown
in (21) and (22) can be extracted where their constants (λi) are
given by (23).
d
n
(A1 + A2 + ..+ An)+ (1− d)An+1

=



0 0 λ1 λ1 .. .. λ1 0
0 −nλ3 λ3 λ3 .. .. λ3 −1/Cdc
λ2 λ4 −λ4 0 0 .. 0 0
λ2 λ4 0 −λ4 0 0 0 0
: : : 0 −λ4 . : :

: : 0 0 . . 0 0
λ2 λ4 0 0 .. 0 −λ4 0
0 1/Lf 0 0 .. 0 0 0


(21)

1
n
(A1 + A2 + ..+ An)− An+1

=



0 0 1/LH 1/LH .. .. 1/LH 0
0 −nλ5 λ5 λ5 .. .. λ5 0
−1/Ci λ6 −λ6 0 0 .. 0 0
−1/Ci λ6 0 −λ6 0 0 0 0
: : : 0 −λ6 . : :

: : 0 0 . . 0 0
−1/Ci λ6 0 0 .. 0 −λ6 0

0 0 0 0 .. 0 0 0


(22)

λ1 = −(1− d)/LH , λ2 = (1− d)/Ci, λ3 = d/(nrLCdc),

λ4 = d/(nrLCi), λ5 = λ3/d, λ6 = λ4/d (23)

Equation (24) shows the corresponding states equations.
As the SMs capacitors (x3: xn+2) are identical and have the
same DC voltage component, the assumptions shown in (25)
and (26) are considered.

sx̂ (s)

=



0 0 λ1 λ1 .. .. λ1 0
0 −nλ3 λ3 λ3 .. .. λ3 −1/Cdc
λ2 λ4 −λ4 0 0 .. 0 0
λ2 λ4 0 −λ4 0 0 0 0
: 0 −λ4 .

: 0 0 . . 0 0
λ2 λ4 0 0 .. 0 −λ4 0
0 1/Lf 0 0 .. 0 0 0



×



x̂1(s)
x̂2(s)
x̂3(s)
:

:

x̂n+2(s)
x̂n+3(s)



+



0 0 1/LH 1/LH .. .. 1/LH 0
0 −nλ5 λ5 λ5 .. .. λ5 0
−1/Ci λ6 −λ6 0 0 .. 0 0
−1/Ci λ6 0 −λ6 0 0 0 0
: 0 −λ6 .

: 0 0 . . 0 0
−1/Ci λ6 0 0 .. 0 −λ6 0

0 0 0 0 .. 0 0 0



×



X1
X2
X3
:

:

Xn+2
Xn+3


d̂(s) (24)

x̂4(s)

= . . . .. = x̂n+2(s) = x̂3(s) (25)
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FIGURE 6. Small-signal AC equivalent circuit.

X4
= . . . .. = Xn+2 = X3 (26)

By substituting from (25) and (26) into (24), the set of
equations (27)-(30) are extracted assuming that the term
(X2 − X3) d̂(s) is negligible.

sx̂1(s) = nλ1x̂3(s)+ (nX3/LH )d̂(s) (27)

sx̂2(s) ∼= −nλ3x̂2(s)+ nλ3x̂3(s)− (1/Cdc)x̂n+3(s) (28)

sx̂3(s) = λ2x̂1(s)+ λ4x̂2(s)− λ4x̂3(s)+ (−X1/Ci)d̂(s)

(29)

sx̂n+3(s) = (1/Lf )x̂2(s) (30)

By re-arranging (27)–(30), the sets of equations (31)–(34)
are extracted which are used to obtain the closed-form expres-
sion of the duty cycle-to-inductor current transfer function as
presented in the following subsection.

x̂1(s) = −n
(1− d)
sLH

x̂3(s)+
nX3
sLH

d̂(s) (31)

x̂2(s) ∼=
nλ3

(s+ nλ3)
x̂3(s)−

1
Cdc(s+ nλ3)

x̂n+3(s) (32)

x̂3(s) =
(1− d)
Ci(s+ λ4)

x̂1(s)+
λ4

(s+ λ4)
x̂2(s)+

−X1
Ci(s+ λ4)

d̂(s)

(33)

x̂n+3(s) =
1
sLf

x̂2(s) (34)

D. SMALL SIGNAL AC EQUIVALENT CIRCUIT
With the help of equations (27)–(30) and (23), the state
equations can be written in the time domain as follows,

LH x̂·1 = −n(1− d)x̂3 + (nX3)d̂ (35)

Cdcx̂
·
2
∼= −

d
rL
x̂2 +

d
rL
x̂3 − x̂n+3 (36)

Cix̂
·
3 = (1− d) x̂1 +

d
nrL

x̂2 −
d
nrL

x̂3 − X1d̂ (37)

Lf x̂·n+3 = x̂2 (38)

These equations are used to extract the small-signal AC
equivalent circuit of the presented converter, which is shown
in Fig. 6.

E. DUTY CYCLE-TO-INDUCTOR CURRENT
TRANSFER FUNCTION
The duty cycle-to-inductor current transfer function can be
extracted with the help of (31)–(34), as by substituting
from (33) and (34) into (32) yields (39).

x̂2(s) ∼=
(1− d)nλ3sx̂1(s)− nλ3X1sd̂(s)

Ci
(
s3 + (λ4 + nλ3) s2 + γ s+ γ λ4

) (39)

where γ = 1
CdcLf

By substituting from (33) into (31) yields (40).

x̂1(s) = −n
(1− d)
sLH

(
(1− d)
Ci(s+ λ4)

x̂1(s)+
λ4

(s+ λ4)
x̂2(s)

+
−X1

Ci(s+ λ4)
d̂(s)

)
+
nX3
sLH

d̂(s) (40)

The perturbation x̂2 (s) can be omitted by substituting from
(39) into (40). Then by arranging the resultant equation,
the duty cycle-to-inductor current transfer function can be
extracted as in (41) and (42).

x̂1(s)

d̂(s)
=

b4s4 + b3s3 + b2s2 + b1s+ b0
a5s5 + a4s4 + a3s3 + a2s2 + a1s+ a0

(41)

where

a5 = LHCi
a4 = a5(2λ4 + nλ3)

a3 = a5(γ + λ24 + nλ3λ4)+ n(1− d)
2

a2 = 2a5γ λ4 + n(1− d)2(λ4 + nλ3)

a1 = a5γ λ24 + n(1− d)
2(nλ3λ4 + γ )

a0 = γ λ4n(1− d)2

b4 = nX3Ci
b3 = b4 (2λ4 + nλ3)+ n(1− d)X1
b2 = b4

(
λ24 + nλ3λ4 + γ

)
+ n(1− d) (λ4 + nλ3)X1

b1 = 2γ λ4b4 + n(1− d)X1(γ + λ4nλ3)
b0 = γ λ24b4 + γ λ4n(1− d)X1

(42)

This extracted open-loop transfer function can be used to
check the stability of the systemwhen Proportional controller
(P-control with a gain of kp) is employed via root locus to
find the range of kp at which the system will be stable. For
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TABLE 1. Specifications of the 25kV/10kV dc-dc converter.

FIGURE 7. Root locus of the extracted open-loop transfer function.

example, the transfer functions coefficients of the 25kV/10kV
Hybrid-modular DC-DC converter with the specifications
shown in Table 1 are shown in (43), and the corresponding
duty cycle-to-inductor current duty cycle is given by (44).
The corresponding root locus plot for this example is shown
in Fig.7, where all poles are located on the left-hand side
for any value of kp, i.e. the system is stable for all values
of kp.



a5 = 2.25× 10−4

a4 = 0.409
a3 = 271.8
a2 = 1.3584× 105

a1 = 5.093× 107

a0 = 6.18× 108,



b4 = 45
b3 = 8.208× 104

b2 = 5.42× 107

b1 = 2.688× 1010

b0 = 9.99× 1012

(43)

îdcH (s)

d̂(s)
=

b4s4 + b3s3 + b2s2 + b1s+ b0
a5s5 + a4s4 + a3s3 + a2s2 + a1s+ a0

(44)

IV. CONTROLLER DESIGN AND SYSTEM STABILITY
For a Proportional Integral controller (PI-controller) with
a transfer function of Gc(s) as shown in Fig.5, the cor-
responding closed-loop transfer function is given by (45)
and (46).

Geq(s) =
Gp(s)Gc(s)

1+ Gp(s)Gc(s)

=
u5s5 + u4s4 + u3s3 + u2s2 + u1s+ u0

z6s6 + z5s5 + z4s4 + z3s3 + z2s2 + z1s+ z0
(45)

u5 = b4kp
u4 = b3kp + b4ki
u3 = b2kp + b3ki
u2 = b1kp + b2ki
u1 = b0kp + b1ki
u0 = b0ki,



z6 = a5
z5 = a4 + b4kp
z4 = a3 + b3kp + b4ki
z3 = a2 + b2kp + b3ki
z2 = a1 + b1kp + b2ki
z1 = a0 + b0kp + b1ki
z0 = b0ki

(46)

For defined values of PI-controller constants (kp and ki),
the characteristic equation of the system can be solved
to get the closed loop-poles of the system. To ensure
system stability, all poles should have a negative real part.
Based on the extracted poles, the step response of the system
can be predicted from the dominant poles. If the predicted
response is not acceptable, other values of PI-controller
constants can be checked until having an acceptable time
response.

For example, for the given specifications in the afore-
mentioned numerical example with PI-controller constants
of kp = 1 × 10−5 and, ki = 1 × 10−4, the cor-
responding characteristic equation coefficients are given
by (47).

z6 = 2.25× 10−4, z5 = 0.4, z4 = 272.6,

z3 = 1.36× 105, z2 = 5.12× 107,

z1 = 7.2× 108, z0 = 1× 109 (47)

The corresponding closed-loop poles are (−969.21,
−742.22, −47.22± j549,−13,−1.56). First, all poles have
a negative real part, which ensures system stability. Sec-
ond, the dominant pole equals 1.56, i.e., the response can be
approximated to a first-order response with a time constant of
(τ = 0.64 s). The corresponding settling time approximately
equals (4τ = 2.56s).
For faster settling time, other values of PI-controller con-

stant can be checked. For kp = 1 × 10−4 and ki = 1 ×
10−3, the corresponding characteristic equation coefficients
are given by (48).

z6 = 2.25× 10−4, z5 = 0.4, z4 = 280,

z3 = 1.41× 105, z2 = 5.367× 107,

z1 = 1.64× 109, z0 = 1× 1010 (48)
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FIGURE 8. Simulation validation results.

FIGURE 9. Zoomed-in view of Fig.6.

The corresponding closed-loop poles are (−969,−742,
−47.22 ± j549,−24.57,−8.25). The new dominant pole
equals (8.25), i.e., τ = 0.1212 s. Then the corre-
sponding settling time approximately equals (4τ ∼=

0.5s) which is acceptable settling time in the presented
application.

V. SMALL-SIGNAL MODEL VALIDATION
A. SIMULATION VALIDATION
In this section, simulation validation of the extracted small-
signal model is presented. A detailed circuit model, with
the parameters given in Table 1, has been built using
Matlab/Simulink software package for validation, where
its dynamic performance is compared with the extracted
small-signal model performance. The inductor current ref-
erence (i∗dcH) is changed in steps in both models, and tran-
sient performances of both models have been monitored the
corresponding results are shown in Fig. 8 assuming PI- con-
troller constants are (kp = 1 × 10−4, ki = 1 × 10−3),
and the switching frequency of 1 kHz in the detailed circuit
model. The zoomed-in view of Fig. 8 is shown in Fig.9. The
results show that the dynamic performance of the detailed
circuit model and the small-signal model are very close,

FIGURE 10. Experimental setup.

FIGURE 11. Schematic of the employed experimental setup.

TABLE 2. Specifications of the implemented hybrid-modular dc-dc
converter.

which validates the extracted small-signal model. The results
also show that the step response of the given numeri-
cal example behaves similar to a first-order response with
settling time of 0.5s; which is matched with the expected
settling time in the aforementioned controller design steps
(section IV).

B. EXPERIMENTAL VALIDATION
A scaled-down prototype has been used (Fig. 10) to vali-
date the extracted small-signal model as well. Due to the
unavailability of bidirectional DC supply in our laboratory,
a switched resistor is connected across the DC-link capac-
itor (Cdc) to regulate its voltage, i.e., achieve the power
balance in the converter. The schematic of the employed hard-
ware circuit is shown in Fig. 11, where the current controller
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FIGURE 12. Experimental results compared to small-signal modeling results. (a) and (b) experimental and simulation results respectively at
PI-constants of current controller of kp = 0.01 and ki = 1; (c) and (d) are the results of kp = 0.01 and ki = 2; (e) and (f) are the results of
kp = 0.01 and ki = 4.

is used to regulate idcH andmakes it tracking the desired value
via controlling the duty cycle of the high-voltage valve (SH).
Meanwhile, the dc-voltage controller at the low voltage side
regulates the dc-link voltage to ensure the power balance
in the circuit via controlling the duty cycle of the switched
resistor switch (SL). The parameters of the experimental setup
are summarized in Table 2. The corresponding constant and
transfer function coefficients are as in (49).

In the experimental results, the current reference (i∗dcH)
is changed from 2A to 4A (step change). Fig.12 shows the
measured current (idcH) and the current generated from the
presented small-signal model for different PI-constants. It is
clear that (i) the voltage VdcL is kept constant at all cases
thanks to the employed voltage controller on the dc-link
capacitor, and (ii) the dynamic performances of the inductor
current in both results are close to each other, which validates
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the extracted small-signal model.

a5 = 3.19× 10−5

a4 = 0.0439
a3 = 68.76
a2 = 3.31× 104

a1 = 6.6× 106

a0 = 5.41× 108,



b4 = 0.66
b3 = 913.59
b2 = 1.4× 106

b1 = 6.7× 108

b0 = 9.33× 1010

(49)

VI. CONCLUSION
In this paper, a small-signal model of a recently published
hybrid-modular DC-DC converter has been presented. The
duty cycle-to-inductor current transfer function has been
extracted, which is used to design the system controller and
check the system stability. A state-space averaging technique-
based detailed analysis has been presented. Simulation results
and experimental validation of the extracted small-signal
model have been carried out. The results showed that the
dynamic performance of the detailed circuit model (or exper-
imental setup) is close to the dynamic performance of the
small-signal model, which ensures the effectiveness and
validity of the extracted model.
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