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Voltage control of the Ćuk converter for
grid-forming in DC grids:
An energy-based approach

Marco Guerreiro, Pedro dos Santos, and Steven Liu, Member, IEEE

Abstract—Grid-forming converters in DC microgrids will have
a key role in the next generation power system. These converters
are responsible for stabilizing the bus voltage in a grid dominated
by constant power loads, a task that requires highly dynamic
voltage control loops. This paper presents an energy-based
method to control the output voltage of an isolated Ćuk converter,
a high-order nonlinear system. The main motivation behind
the energy-based method is to control the total energy of the
converter. In many cases, most of the energy is stored in the
output capacitor of the converter, and controlling total energy
allows shaping the output voltage directly. By using feedback
linearization, we show that it is possible to use a linear controller
to control energy, and that the internal dynamics resulting from
feedback linearization is stable. The energy-based method results
in a single-loop controller capable of naturally handling constant
power loads, characteristics that make it well suited for voltage
control of grid-forming converters. The proposed controller is
verified by experimental results, using an isolated Ćuk converter
to supply a constant power load.

Index Terms—DC microgrids, grid-forming control, grid-
forming converters, energy control, feedback linearization.

I. INTRODUCTION

TO improve efficiency, resilience and sustainability, the
current power system is shifting from today’s centralized

generation paradigm to a renewable-based distributed one [1],
[2]. One way to handle this new paradigm is with micro-
grids, small power systems consisting of local generation and
loads [3], [4]. Microgrids have key characteristics that are
well aligned with the the next generation power system: a
microgrid achieves better efficiency by supplying local loads
with local generation, improved resilience since it can operate
isolated from the main grid during faults, and sustainability
by integrating renewable-based generation.

While AC microgrids are more common due to compatibil-
ity with existing infrastructure, DC microgrids have gained
increasing attention as a more efficient alternative, due to
the DC nature of many renewable sources, energy storage
systems and loads [5], [6]. DC grids also avoid some of
the control challenges of AC systems, such as frequency and
reactive power control. Currently, the main challenges faced
by implementation of DC microgrids are lack of standards and
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lack of protection equipment, active topics in both industry [7]
and academia [8].

Forming a DC microgrid requires setting and stabilizing
the main DC bus voltage, a process called grid forming [9].
Units responsible for grid forming work in voltage control
mode and stabilize the bus voltage by balancing generation
and demand, and additional controllers are used to provide
the voltage reference in order to regulate voltage and power
flow in the microgrid [10], [11]. For this reason, the voltage
controller must be able to handle power steps at the output of
the converter, as well as steps in its reference voltage.

The Ćuk converter is an interesting topology for grid form-
ing applications. The possibility to achieve zero current ripple
on the inductors reduces electromagnetic interference emis-
sions and reduces the output voltage ripple [12], [13], which
is especially important for grid applications. This converter
has been studied for interfacing renewables with the grid [14]–
[16], and, with increasing interest in using renewables for grid
forming [17], [18], it is essential to develop voltage control
methods for the Ćuk converter that are able to handle the grid-
forming task.

Using Ćuk converter as a grid-forming unit is challenging
because the converter is a high-order nonlinear system present-
ing nonminimum phase behavior between control input and
output voltage. This behavior complicates or even prevents the
use of classical nonlinear control techniques to control output
voltage directly, such as sliding mode control and feedback
linearization [19]. Feedback linearization is an especially
interesting nonlinear technique, because it transforms a non-
linear system into a linear one [20], [21]. However, feedback
linearization is mostly used to control the input current of
the Ćuk converter (the only state showing minimum phase
behavior), which affects the output voltage only indirectly.
Thus, an additional loop is required to control the output
voltage, resulting in a inherently slower controller.

To leverage feedback linearization for the Ćuk converter for
output voltage control, it is necessary to find a system output
that directly affects the output voltage. One such output is the
total energy of the converter, which, in many practical cases, is
mostly stored in the output capacitor. Controlling total energy
is then approximately the same as controlling the energy of
the output capacitor and, hence, the output voltage.

Energy shaping of the Ćuk converter has been investigated
before in the context of passivity-based control (PBC), and in-
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terconnection and damping assignment PBC (IDA-PBC) [22]–
[24]. In PBC, the main goal is to shape the energy stored in
the converter by changing how the system dissipates energy.
The main limitation of PBC is that the passive output must be
minimum phase [25]. IDA-PBC is an extension of PBC and
overcomes the minimum phase requirement [26], [27]. How-
ever, the main challenge of using IDA-PBC is synthesizing
the controller, which often requires solving nonlinear partial
differential equations.

In this paper, we explore the idea of using energy to
control the output voltage of the Ćuk converter. We show
that it is possible to use feedback linearization to control
energy with a linear controller, which can be designed based
on control requirements such as settling time and overshoot.
Because feedback linearization partially transforms the Ćuk
converter in a linear system, operation and design of the
linear controller is not restricted to an operating point, leading
to a more dynamic voltage control and, thus, a more dy-
namic grid-forming control. We show that the energy-based
approach naturally handles constant power loads (CPLs), a
very common type of load in microgrids. Moreover, a stability
analysis is provided, where it is shown that the closed-loop
system is stable for arbitrary positive output power. The main
advantages of the proposed method are the possibility to
control voltage with a single control loop, ability to handle
CPLs, simpler design based on linear control theory, and
fully digital implementation. This is in contrast with previous
voltage controllers reported in the literature that either consist
of cascaded loops [19], [23], [26], have complex hardware
implementation [28], or have complex design procedures [29].

This paper is organized as follows. Section II discusses
energy control of the Ćuk converter using feedback lineariza-
tion, and shows a stability analysis. Section III shows the
validation of the energy controller with experimental results.
The controller is verified with focus on typical scenarios faced
by grid-forming units: power steps from a CPL, and steps in
the reference voltage. Section IV concludes the paper.

II. ENERGY CONTROL OF THE ĆUK CONVERTER

This section discusses using energy to control the output
voltage of the Ćuk converter, and is divided into three parts.
The first part shows the model of the isolated Ćuk converter,
the second part discusses energy control and its usage for
voltage control, and the third part provides a stability analysis.

A. Isolated Ćuk converter model

The isolated Ćuk converter is shown in Fig. 1. The converter
is supplied by a constant voltage source with voltage Vi. L1

and L2 are the input and output inductors, with currents i1
and i2; C1 and C2 are the coupling capacitors, with voltages
v1 and v2; Co is the output capacitor, with voltage vo; and the
load is a CPL represented by a current source with current
io = Po/vo, where Po is the power of the load. The primary
and secondary sides of the converter are coupled by an ideal
transformer with a turn ratio between primary and secondary
of 1 : N. Switches S1 and S2 operate in a complementary
fashion and are used to control the converter.

+

+
+

+

Fig. 1: Isolated Ćuk converter.

For analysis and control purposes, we assume an average
model of the converter. The control input for the average model
is the duty-cycle u of switch S1. Furthermore, it is assumed
that C1 = C2 = Cc. Defining vc = v1+(1/N)v2, the average
model of the converter is represented by:

L1i̇1 = −vc(1− u) + Vi, (1a)

L2i̇2 = Nvcu− vo, (1b)(
N2

N2 + 1

)
Ccv̇c = i1(1− u)−Ni2u, (1c)

Cov̇o = i2 − io. (1d)

B. Control design

Designing the energy control system for the Ćuk converter
consists of two steps. In the first step, feedback linearization is
used to control the converter’s total energy. By using feedback
linearization, the Ćuk converter is partially transformed to a
double-integrator system, where the states are the converter’s
total energy and power. In the second step, a linear state-
feedback controller is designed to control this double integra-
tor system, and pole placement is used to design the controller
according to settling time and overshoot specifications.

In cases where the total energy of the converter is mostly
stored in the output capacitor, controlling energy allows con-
trolling the output voltage directly. Thus, the dynamics of
the output voltage is approximately described by the energy
dynamics. Because of the nonlinear transformation introduced
by feedback linearization, energy can in principle be controlled
to meet arbitrary settling time and overshoot specifications.
However, in practice, this will be limited by physical con-
straints of the converter. A very dynamic energy control would
require large input currents and may saturate the duty-cycle.

This section gives a brief introduction to input-output feed-
back linearization, discusses its use to control energy, and
discusses practical limitations of the method.

1) Input-output feedback linearization: We restrict our at-
tention to single-input single-output (SISO) systems. Further-
more, we focus on the case where the relative degree is less
than the order of the system. For a more complete discussion
on feedback linearization, the reader is referred to [21].

The problem is finding a control law that linearizes a chosen
system output with respect to an auxiliary (virtual) input.
Consider the nonlinear, n-th order input-affine SISO system

ẋ = f(x) + g(x)u, (2a)
y = h(x), (2b)

where x ∈ Rn is the state vector, u ∈ R is the control signal,
y ∈ R is the output, and f : D → Rn, g : D → Rn, and
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h : D → R are smooth functions in some domain D ∈ Rn. If
there exists in D a transform T (x), with a respective change
of variable z = T (x), z ∈ Rn, of the form

z = T (x) =

[
η

ξ

]
=



ϕ1(x)
...

ϕn−r(x)

h(x)
Lfh(x)

...
Lr−1
f h(x)


, (3)

that is bijective, continuously differentiable, has a continuously
differentiable inverse, and such that (∂ϕi(x)/∂x)g(x) = 0
(1 ≤ i ≤ n − r), where r is the relative degree, Lk

fh(x) is
the k-th Lie derivative of h with respect to f , the system is
input-output linearizable. The input transformation

u =
−Lρ

fh(x) + v

LgL
ρ−1
f h(x)

, (4)

where v ∈ R is an auxiliary signal, leads to a chain of ρ
integrators given by

y(ρ) = v, (5)

where y(ρ) is the ρ-th derivative of y. The change of vari-
ables (3) along with input transformation (4) transform sys-
tem (2) into the system:

η̇ =
∂ϕ

∂x
f(x)

∣∣∣
x=T−1(z)

, (6a)

ξ̇ = Aξ +Bv, (6b)
y = Cξ, (6c)

where A, B, and C represent the canonical form of a chain of
ρ integrators, and ϕ(x) =

[
ϕ1(x) · · · ϕn−r(x)

]T
. Subsys-

tem (6b)-(6c) is the chain of integrators resulting from using
input-output feedback linearization, and can be controlled
using a linear controller. Subsystem (6a) consists of n − r
states that are unobservable from the output, and is denoted
as internal dynamics. If the internal dynamics is asymptotically
stable around the equilibrium point of interest, system (6) is
said to be minimum phase.

In practice, applying feedback linearization to a system
consists of defining the system output, and taking its time
derivative until the control signal appears in the resulting equa-
tion. Then, it is possible to find a linearizing feedback law that
creates a linear relationship between the ρ-th time derivative of
the output, and some virtual input v. This creates a chain of ρ
integrators between the output and v, and results in the linear
system (6b)-(6c). The remaining part of the transform can be
determined by using the condition that (∂ϕi(x)/∂x)g(x) = 0.
With the full transform, system (6a) (the internal dynamics)
can be verified for stability. In practice, feedback linearization
only makes sense if the internal dynamics is stable; otherwise,
some states of the system would be unbounded.

2) Energy control with input-output feedback linearization:
The goal is to define the system output as total energy, and find
a linearizing feedback law u that creates a linear relationship
between a virtual signal v and total energy. For a more concise
notation, we rewrite the states of the Ćuk converter as defined
in (1) in terms of the state vector x =

[
x1 x2 x3 x4

]T
,

where x1 = i1, x2 = i2, x3 = vc, and x4 = vo. The system
output y is defined as the total energy of the converter:

y =
L1

2
x2
1 +

L2

2
x2
2 +

Cc

2

(
N2

N2 + 1

)
x2
3 +

Co

2
x2
4. (7)

The first time derivative of (7) is obtained as follows. Phys-
ically, if y is the converter’s energy, its time derivative ẏ is
the converter’s power. This can be written as the difference
between input and output power:

ẏ = Vix1 − Po, (8)

where the product Vix1 is the input power of the converter,
and Po is the power of the load. Since the control signal u
does not appear in (8), the time derivative of ẏ is taken. If Vi
is constant and the converter supplies a constant power load,
then Ṗo = 0 and ÿ is

ÿ =
Vi

L1

(
− x3(1− u) + Vi

)
. (9)

Based on (9), the following feedback law u creates a linear
relationship between a virtual signal v and ÿ:

u = 1− L1

Vix3

(
V 2

i

L1
− v

)
. (10)

Applying (10) in (9) yields

ÿ = v, (11)

which gives a linear relationship between virtual input v and ÿ
as a double integrator system. The linearized system can now
be written as [

ẏ
ÿ

]
=

[
0 1
0 0

] [
y
ẏ

]
+

[
0
1

]
v, (12)

where the states of the linearized system are y and ẏ, namely
the converter’s total energy and power. This system corre-
sponds to subsystem (6b)-(6c).

The control problem now becomes that of controlling sys-
tem (12). In this paper, a state feedback controller

v = −k1y − k2ẏ + k1y
∗ (13)

is used, where y∗ is a setpoint for energy, and k1 and k2
are the controller gains. Via pole placement, gains k1 and k2
can be obtained to stabilize system (12) and to additionally
meet control specifications for a second-order system, such as
settling time and overshoot.

Controller (13) controls the converter’s energy; in practice,
we are interested in controlling the output voltage, and this can
be achieved with a proper value for y∗. If x∗

4 is the setpoint for
the output voltage, and the output power is known (measured),
the energy setpoint can be defined as

y∗ =
L1

2
(x∗

1)
2+

L2

2
(x∗

2)
2+

Cc

2

(
N2

N2 + 1

)
(x∗

3)
2+

Co

2
(x∗

4)
2,

(14)
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Input
transf. (10)

Fig. 2: Block diagram of the proposed closed-loop system.
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Fig. 3: Simulation results of the closed-loop system for varying
settling time and fixed overshoot.

where

x∗
1 =

Po

Vi
, x∗

2 =
Po

x∗
4

, x∗
3 =

x∗
4

N
+ Vi. (15)

A block diagram of the proposed control system is shown in
Fig. 2. The energy setpoint y∗ is obtained based on the output
voltage setpoint, according to (14). This setpoint is processed
by the energy controller (13) to produce the virtual signal v.
This virtual signal is then used to obtain the duty-cycle u,
based on the linearizing law (10).

3) Controller implementation: In principle, the state feed-
back controller (13) can be designed to meet arbitrary over-
shoot and settling time specifications, which directly shapes
the dynamics of the output voltage. In practice, however, the
dynamics of the energy controller depends on constraints of
the physical converter, mainly current and duty-cycle limita-
tions. This is presented in the simulation results shown in
Fig. 3. System (1), the average model of the converter, is
simulated with a constant power load. The parameters for the
simulation are the same as the experimental converter used
to validate the method, and are presented in Section III. The
energy controller is used to control the system, and three con-
trollers are designed. All controllers are designed to show the
same overshoot, but with settling times of 0.25 ms, 1 ms and
2 ms. As Fig. 3 shows, the energy of the controller is shaped
according to the design specifications, and the dynamics of
the output voltage is similar to that of the energy. However,

the controller with a settling time of 0.25 ms requires a much
larger input current, and the duty-cycle would be saturated.
Thus, the design of the energy controller is constrained by
limitations of the physical converter.

Moreover, in practice, the linearizing feedback law (10) is
not exact because model (1) does not account for nonidealities
of the real converter. This leads to nonidealities in the double
integrator system (12) and results in steady-state errors. This
can be overcome by augmenting system (12) with an inte-
grator. Gains k1, k2 and the integrator gain ki can be found
simultaneously via pole placement, and the controller can be
designed such that the closed-loop system has two dominant
poles. Note that the integrator is added to regulate energy, and
not output voltage.

C. Stability

This section provides a stability analysis of the proposed
energy controller. We show that the system is stable around
an equilibrium point set by output voltage and output power.
Furthermore, we show that the equilibrium point is stable for
arbitrary positive output power.

For the Ćuk converter, defining the output as energy re-
sults in a system with relative degree of two, and expres-
sions (7) and (8) are one part of the transform T (x). Because
the relative degree is less than the order of the system,
the system has internal dynamics. The internal dynamics is
given by subsystem (6a), and feedback linearization only
makes sense if the internal dynamics is stable. Evaluating
stability of the internal dynamics requires finding the complete
transform T (x) and its inverse. Completing the transform T (x)
is achieved by using the condition that (∂ϕi(x)/∂x)g(x) = 0.
One solution to this condition is

ϕ1(x) = L1x1 −
L2

N
x2, (16a)

ϕ2(x) = Cox4, (16b)

yielding the transform T (x):

T (x) =


L1x1 − L2

N x2

Cox4

L1

2 x2
1 +

L2

2 x2
2 +

Cc
2

(
N2

N2+1

)
x2
3 +

Co
2 x2

4

Vix1 − Po

 , (17)

which is continuously differentiable. The inverse of T (x), that
is x = T−1(z), z =

[
z1 z2 z3 z4

]T
, is found by solving

x1 =
1

Vi
z4 +

Po

Vi
, (18a)

x2 = −N

L2
z1 +

NL1

ViL2
z4 +

NL1Po

ViL2
, (18b)

Cc

2

(
N2

N2 + 1

)
x2
3 = z3 −

L1

2
x2
1 −

L2

2
x2
2 −

Co

2
x2
4, (18c)

x4 =
1

Co
z2, (18d)

for x. Here, we leave (18c) in terms of x due to the length
of the resulting expression. Expression (18) shows that the
inverse transform exists, because the right-hand side of (18c)
is, by definition, always equal to, or larger than zero, such
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that its square root is always real. Moreover, the inverse is
continuously differentiable, and T (x) is bijective if we assume
x3 ≥ 0. In practice, this is not a restrictive assumption, since
x3 is the voltage of the coupling capacitors, and is positive
during normal operating conditions.

It is possible to simplify the analysis of the internal dy-
namics by analyzing the zero dynamics, that is, the internal
dynamics when the states of the linear system are assumed
controlled and constant. By using feedback linearization, the
energy of the converter is controlled and kept at a constant
value, and, therefore, the converter’s power is zero. In the
inverse transform, this means that z3 is constant, and z4 is zero.
Noting that η =

[
ϕ1 ϕ2

]T
=
[
z1 z2

]T
, the zero dynamics

is given by

ż1 = −α(z1, z2) +
z2

NCo
+ Vi, (19a)

ż2 = −N

L2
z1 −

NL1Po

L2Vi
− CoPo

z2
, (19b)

where α(z1, z2) = x3. Because the zero dynamics is a highly
nonlinear system, it is difficult to evaluate its stability in an
analytical way. However, we show that using the indirect
method of Lyapunov also provides useful analytical results.
The indirect method of Lyapunov is used to evaluate the
stability of the zero dynamics around the equilibrium point
given by a certain output voltage and output power, given
by (15). Denoting x̄ as the equilibrium point, the Jacobian
Ã of system (19) is given by

Ã =

 −(N2+1)Po
Cc(x̄4+NVi)x̄4

(N2+1)x̄4

N2Cc(x̄4+NVi)
+ 1

NCo

− N
L2

Po
Cox̄2

4

. (20)

The eigenvalues of Ã depend on the parameters of the
converter, the load, and the output voltage. According to
numerical experiments, the eigenvalues of Ã are a complex-
conjugate pair for reasonable design parameters. Cases when
the eigenvalues become real are observed when very small
or very large values for components are used. One such case
is when the coupling capacitor Cc has a very small value. In
practice, this would not result in a realizable converter because,
if Cc is very small, its voltage ripple would be very large, and
the converter would not work as expected. Another case where
the eigenvalues become real is when the inductors are very
large. In practice, making inductors too large is undesirable
because they would prevent fast current changes, resulting in
a less dynamical system even in the presence of control.

Assuming that the eigenvalues λ1 and λ2 of Ã are a
complex-conjugate pair, their real part is given by

ℜ(λ1,2) =

(
NCcVi +

(
Cc − (N2 + 1)Co

)
x̄4

2CcCo
(
NVi + x̄4

)
x̄2
4

)
Po. (21)

In many practical cases, Co ≫ Cc, and (N2 + 1)Cox̄4 ≫
NCcVi. This allows simplifying (21) to

ℜ(λ1,2) ≈ −
(

N2 + 1

2Cc(NVi + x̄4)x̄4

)
Po. (22)

For a positive load power Po, expression (22) shows that
the real part of the eigenvalues lies in the left half of the

Fig. 4: Experimental setup.

TABLE I: Parts used in the prototype

Parameter Value
Vi 25 V
L1 100 µH (WE 74437429203101)
L2 150 µH (WE 74437429203151)
C1, C2 2 x 4.7 µF (EPCOS B32674D4475K)
Co 330 µF (Nichicon UCS2C331MHD)
Transformer Coilcraft NA5871-AL
Switching frequency 100 kHz
MOSFETs Infineon IPP200N25N
Inductor current sensor ACS730KLCTR-40AB-T
Output current sensor ACS712ELCTR-20A-T
ADCs ADC101S021
Digital isolators SI8641

complex plane, which shows that the zero dynamics (and thus
the closed-loop system) is stable around the equilibrium point.
Moreover, expression (22) shows that stability is ensured for
arbitrary positive values of Po. The zero dynamics would
become unstable if Po becomes negative. However, in grid-
forming applications, the converter always supplies the grid,
and Po is always larger than zero.

III. EXPERIMENTAL RESULTS

The proposed controller was verified in an experimental
platform, consisting of an isolated Ćuk converter, an embedded
controller and a CPL. The experiments focus on two cases:
steps in the CPL, and changes in the voltage setpoint of the
converter. These are the cases most commonly faced by a grid-
forming converter. This section describes the experimental
setup and the results obtained.

A. Experimental setup

Fig. 4 shows the experimental setup used to validate the
proposed controller. The setup consists of three main parts: an
isolated Ćuk converter, an embedded controller, and a CPL.

The isolated Ćuk converter is built as two separate printed-
circuit boards (PCBs) that are coupled through a high-
frequency planar transformer. The main parameters of the
converter are listed in Table I. A DC bench power supply
is used to supply the primary side (input, bottom PCB), and
the CPL is connected at the output of the Ćuk converter, on
the secondary side (top PCB).
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The controller is a Zynq-7000 System-on-a-Chip (SoC),
comprising a dual-core processor and a field-programmable
gate array (FPGA) [30]. The FPGA is used to generate the
gate signals for the MOSFETs, and to read the analog-to-
digital converters (ADCs). The gate signals are generated
based on a triangular carrier. The ADCs are always read when
the carrier reaches its maximum value; this allows sampling
the average values of the current of the inductor. One core
of the dual-core processor is used for real-time control, and
the other core is used to provide a command-line-based user
interface. The SoC-based controller is used to control the
Ćuk converter, and to additionally record voltage and current
waveforms. All waveforms shown in this section were acquired
with the controller; no filtering is applied to measurements of
the ADCs, and the only post-processing applied to the data is
conversion from raw ADC measurements to actual measured
quantities (voltages and currents). The sampling frequency was
set the same as the switching frequency (100 kHz).

The CPL is realized by a separate platform. The platform is
a synchronous buck converter, programmed to supply resistive
loads at a constant voltage; power steps are achieved by
changing the voltage setpoint. The converter uses a switching
frequency of 200 kHz, and a state feedback controller with a
voltage settling time of 1 ms and minimum overshoot.

B. Results

The energy-based controller (denoted as EB) is compared
with a single-loop state feedback controller (denoted as SFB).
The SFB controller was designed based on a linearized model
of (1), around an operating point based on nominal output
voltage and power. The SFB controller was also augmented
with an integrator. The five poles of the linearized system were
placed as follows. Two dominant poles were placed based on
specifications of settling time and overshoot for a second-order
underdamped system. The third, fourth and fifth poles were
placed on the real axis with a value of five, ten, and fifteen
times the real part of the dominant poles; respectively.

The EB and SFB controllers were designed to achieve
a settling time of 2.5 ms and 5% overshoot. For the SFB
controller, the converter was linearized based on a voltage
setpoint of 25 V and output power of 120 W. All parameters
used during design were based on the nominal values of the
parts used in the experimental platform (Table I). Moreover,
the constant power load has an input capacitance of 150 µF;
this capacitance was not added to the output capacitance of
the Ćuk converter for design purposes.

In all experiments, the converter was first brought close to
the voltage setpoint by slowly increasing the duty-cycle, and
then the main controller (EB or SFB) was enabled. For the
EB controller, an additional notch filter was added to filter the
virtual signal v. The reason, and the parameters of the filter,
are explained in Section III-B3.

1) Load steps: Figs. 5 and 6 show the output voltage of
the converter for steps in the power of the CPL. In both cases,
the voltage setpoint is 25 V. Fig. 5 shows the output voltage
when the power steps from 60 W to 120 W, at 250 ms. With
the EB controller, the voltage drops momentarily to 23.8 V,
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Fig. 5: Output voltage transient when the output power steps
from 60 W to 120 W.
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Fig. 6: Output voltage transient when the output power steps
from 120 W to 60 W.

but recovers to within 0.5 V in less than 0.7 ms. The voltage
drop of the SFB controller is around 4 V, and the time to
recover to within 0.5 V of the setpoint is around 4 ms. Fig. 6
shows the output voltage when the power steps from 120 W
to 60 W. The EB controller is able to regulate the voltage to
the setpoint within 0.7 ms, while the SFB controller shows
larger deviation and slower response.

2) Setpoint changes: Figs. 7 and 8 show experimental
results for changes in the setpoint of the output voltage. In
both cases, the power of the CPL is set to 120 W. Fig. 7
shows a setpoint change from 25 V to 27 V. When using
the EB controller, the voltage is within 2% of the 2 V step
in around 3 ms, slightly slower than the designed value of
2.5 ms. Moreover, the overshoot is around 38%, larger than
the designed value of 5%. For the SFB controller, the voltage
is within 2% in around 6 ms, with an overshoot of around 20%.
The same trend is observed when the voltage setpoint changes
from 27 V to 25 V, as shown in Fig. 8. Differences between
designed and measured settling time and overshoot can be
attributed to nonidealities of the real converter and the input
capacitance of the CPL. However, the EB controller shows
better robustness to model mismatches, given that its settling
time is closed to the designed value. Moreover, the transient
of the output power appears worse for the EB controller.
This behavior is expected and depends on the disturbance
rejection capability of the CPL controller. For the same CPL
controller, a faster change in its input voltage produces a
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Fig. 7: Output voltage transient when its setpoint changes from
25 V to 27 V, at an output power of 120 W.
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Fig. 8: Output voltage transient when its setpoint changes from
27 V to 25 V, at an output power of 120 W.

stronger disturbance, and the input power profile of the CPL
has a larger transient.

3) Operation at light load: As discussed in Section II-C,
the complex-conjugate eigenvalues of the Jacobian of the zero
dynamics indicate oscillations that are not directly observed at
the output (which is energy). Moreover, the damping of these
oscillations decrease as output power decreases. In the Ćuk
converter, these oscillations are not strongly observed at the
output voltage but instead in the current of the output inductor,
and in the voltage of the coupling capacitors.

One way to avoid these oscillations is to not excite them;
that is, generate a control signal that does not resonate with
the frequency of these oscillations. A simple way to remove
these frequency components from the control signal is to use a
notch filter to filter the auxiliary signal v. The transfer function
H(s) of the notch filter is given by

H(s) =
s2 + ω2

c

s2 + ωc

Q s+ ω2
c

, (23)

where ωc is the cut-off frequency and Q is the quality factor. In
the EB controller, the cut-off frequency ωc is chosen to match
the frequency of the oscillations of the internal dynamics, as-
suming light load conditions. The quality factor Q determines
how selective the filter is. If the filter is too selective (high
Q), the filter is less robust to parametric variations. A low Q
renders a filter with a large band, which affects the designed
transient response of the EB controller. The cut-off frequency
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Fig. 9: Output voltage transient when its setpoint changes from
25 V to 27 V, at light load.

and quality factor were obtained experimentally, and set to
3.3 kHz and 0.5 in the EB controller; respectively.

Figs. 9 and 10 show the states of the converter for a change
in the voltage setpoint, at light load (approximately 30 W).
The EB controller is used to control the converter, and two
cases are compared: when no notch filter is used, and when
the notch filter is active.

Fig. 9 shows the output voltage and the power of the load.
The voltage setpoint is changed from 25 V to 27 V. From the
output voltage only, there are only minor differences when
the notch filter is enabled. Fig. 10 shows the voltage of the
coupling capacitors, and the currents of the input and output
inductors. It is possible to see that, without the notch filter,
a change in the voltage setpoint causes oscillations that are
mostly seen in the voltage of the coupling capacitors. However,
these oscillations are damped when the notch filter is used.

IV. CONCLUSIONS

The importance of low-level voltage control for DC/DC
converters supplying constant power loads becomes evermore
important with the growth of DC microgrids, where grid-
forming units are necessary to keep the microgrid stable. This
paper presented an energy-based approach for voltage control
of an isolated Ćuk converter that is especially interesting for
grid-forming applications, since it can naturally handle CPLs.
The proposed approach leads to a single-loop controller that
can be designed based on linear control methods.

The main drawback of the method is the number of mea-
surements required, especially the more expensive current
measurements. Further research will explore the use of ob-
servers to replace these measurements. Moreover, the energy
state feedback controller can be replaced with more advanced
controllers. One option is to use model-predictive control,
which could ensure that feedback linearization is always valid,
by accounting for constraints on the duty-cycle.
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