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A Robust Controller Based on High-Order Fully
Actuated Approach for DC-DC Buck Converter
With Constant Power Loads in DC Microgrids

Yadong Wei

Abstract—The negative incremental impedance characteristics
exhibited by constant power loads (CPLs) in dc microgrids in-
troduce instability in upstream dc-dc buck converters. In this
article, a robust control strategy based on high-order fully actuated
system approach is proposed for globally stabilizing and regulat-
ing the buck converter feeding CPLs. First, a second-order fully
actuated model incorporating nonlinear uncertainties from input,
load and system parameters disturbances is derived to describe
system dynamics. A robust control law is then synthesized from
the perspective of second-order system dynamics by compensating
for the negative effects introduced by CPLs and reconstructing
the desired closed-loop dynamics through first-order state feed-
back. Second, an uncertainty boundary estimator is designed to
enhance system robustness against disturbances without precise
measurements of load or input. A simple differential state observer
is adopted to avoid the use of noise-sensitive differentiators. The
proposed controller not only ensures large signal stability of the
system, but also achieves accurate tracking and fast dynamic re-
sponse within a wide working range. Simulations and experiments
are further conducted to validate the effectiveness and superiority
of the presented controller.

Index Terms—Constant power load (CPL), dc microgrids,
dc—dc buck converter, high-order fully-actuated (HOFA) system
approach, nonlinear uncertainties, robust control.

I. INTRODUCTION

ISTRIBUTED renewable energy sources have recently

gained significant attention and have been developing
rapidly due to increasing environmental concerns and the de-
pletion of nonrenewable resources [1]. The dc microgrids have
become a popular application for integrating these distributed
renewable energy sources, such as solar photovoltaics, wind
turbines, and fuel cells, into conventional power systems by
using power electronic converters as interfaces [2]. The general
structure of a dc microgrid system is illustrated in Fig. 1. A
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Fig. 1.  Structure diagram of a DC microgrid system.

significant challenge for dc microgrids is the negative incre-
mental impedance characteristic due to constant power loads
(CPLs), which reduces system damping and leads to the limit
cycle phenomenon with dc bus voltage oscillations [3]. This
instability can destabilize the upstream converters and even
the feeder system, posing serious risks to the safe and stable
operation of the dc microgrid system [4], [5].

To address the stability issues posed by CPLs, many previous
efforts have focused on passive damping methods [6], [7], which
compensate for the negative incremental impedance effect by
adding passive components such as inductors, capacitors, and
resistors. Although these methods are simple to implement, they
result in increased power dissipation. To avoid the inefficiency
issue of passive damping methods, active damping methods have
been presented in [8] and [9], which create the damping effect
by modifying the control structure without altering the hardware
configuration of the system. However, these methods can only
compensate for a limited amount of CPL. Moreover, all of
these methods are based on linearized small-signal models and
frequency-domain design techniques, which can only guarantee
system stability around operating points but not in situations
where the system is subject to large disturbances.

In order to overcome the limitations of small-signal based
approaches, numerous more effective nonlinear control tech-
niques have been proposed for stabilizing CPLs in large-
signal sense, including the passivity-based control (PBC) [10],
[11], [12], sliding mode control (SMC) [13], [14], feedback
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linearization method [15], [16], backstepping method [17], [18],
model predictive control (MPC) [19], [20], energy shaping
control (ESC) [21], and generalized dynamic predictive control
(GDPC) [22].

In [10], an adaptive PBC was proposed to damp negative
effects caused by CPLs by shaping the dissipation function.
A nonlinear disturbance observer (NDO) is incorporated to
estimate the system disturbances online and feed them forward
to the PBC, thereby enhancing the robustness of the controller.
However, there is a tradeoff between tracking speed and ac-
curacy in the observer, which makes it hard to ensure optimal
performance of both voltage tracking and transient responses.
In [13], a discrete quasi-slide mode controller (DQSMC) was
proposed to address the stability issues caused by CPLs, with
a second-order sliding mode disturbance observer (S 2 MDO)
embedded for enhancing the disturbance rejection and chatter-
ing suppression capability of the system. Although this fixed-
frequency and discrete realization can mitigate the well-known
chattering problem in conventional SMC, but the ideal sliding
surface cannot be fully reached, leading to reduced dynamic
performance and robustness. In [15], a feedback linearization
method with a reduced-order power observer for feedforward
compensation was developed to eliminate the nonlinearity and
negative incremental impedance effects introduced by CPLs.
However, this method requires an accurate model of the un-
derlying physical system, the uncertainties and disturbances
in the system parameters can deteriorate control performance.
Moreover, the stability of the system in large-signal sense cannot
be proved in the presence of parameter mismatch. In [19], an
MPC controller employing a nonlinear inductor was presented
to achieve faster dynamic response and an extended stability
range. However, this approach requires an additional sensor to
measure the input voltage, as well as hardware modification
to the inductor and the increased online computational burden
adds to the cost complexity of system implementation. In [35],
a boundary controller was proposed that utilizes a first-order
switching surface to control the buck converter with CPLs.
This method eliminates the negative effects introduced by CPLs
through a linear switching surface with a negative slope. While
an appropriately chosen slope can optimize response time, the
hysteresis-based design of the controller results in variable
switching frequency and degraded ripple effect. In addition,
the load information must be fed forward to the controller to
adjust the vertical position of the switching surface, obtaining
a satisfactory steady-state performance during significant CPL
power variations.

Recently, the high-order fully actuated (HOFA) system ap-
proach has emerged as a promising method for system modeling
and control design [23]. The core concept of this method involves
using variable elimination to transform the origin physical model
into a higher-order model satisfying full-actuation condition
(i.e., HOFA model). The property of full-actuation allows for
the removal of all original dynamics and enables the arbitrary
assignment of pole locations via state feedback control [24].
Consequently, the control law can be synthesized to achieve a
desired closed-loop system in a straightforward and explicit way.
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Compared to the first-order state space (FOSS) model, the
HOFA system model provides a more natural representation
of high-order dynamic systems. The coefficient matrices of the
preserved high-order differential terms capture essential char-
acteristics of the dynamic system, such as damping ratios and
attenuation coefficients, which are advantageous for control sys-
tem design [25]. Within the framework of HOFA system theory,
notable progress has been achieved in addressing practical prob-
lems in air-bearing spacecrafts [26], flexible servo systems [24],
quadrotor aircrafts [27], and dc microgrid systems [28].

Inspired by [29], this article proposes a novel robust control
strategy based on HOFA system approach for stabilizing and
regulating a de—dc buck converter with CPLs in a dc microgrid.
The contributions of this article are outlined as follows.

1) Unlike FOSS model-based methods in previous literature,
the proposed method employs an uncertain fully-actuated
model described by a second-order differential equation.
This model preserves complete information of the origi-
nal system’s high-order dynamics, and the full actuation
property of the model facilitates the design of controller
to compensate for the negative effects of the CPL, which
manifests as a negative component in the first-order dif-
ferential dynamics of the output voltage.

2) A novel robust control strategy is proposed to stabilize
buck converters with CPLs in dc microgrids, ensuring
large-signal stability. The controller dynamically compen-
sates for the CPL’s variable negative damping effect based
on output voltage and reconstructs desired closed-loop dy-
namics through first-order state feedback. By driving the
output voltage’s differential to exponential convergence to
zero, it allows the inductor current to track its steady-state
reference without needing additional sensors to detect load
currents under varying load.

3) A differential state observer is adopted to obtain the dif-
ferential information of the output voltage by detecting
the output capacitor’s current. This eliminates the need
for noise-sensitive differentiators, thereby enhancing the
control system’s robustness against noise.

4) A novel uncertainty boundary estimator is proposed to
estimate the upper bound of uncertainties, which is then
fed forward to the proposed robust controller, guarantee-
ing the global asymptotic convergence and large-signal
stability against disturbances, without requiring precise
information about system parameters.

5) A systematic parameter design process is proposed for
tuning control parameters based on the desired dynamic
response of the closed-loop system, enabling optimal de-
sign of both transient and steady-state performance.

The rest of this article is organized as follows. Section II
derives an uncertain HOFA model of the dc—dc buck converter
feeding resistive load and CPL loads and proposes a HOFA-
based robust controller to stabilize this system. Section III
discusses the stability analysis of the control system. In Sec-
tion IV, an uncertainty boundary estimator and a differential
state observer are proposed, along with detailed parameter de-
sign rules for the controller. Section V presents the simulation
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Fig. 2. Circuit schematic of buck converter feeding RL and CPL.
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Fig. 3. Schematic representation of the effect of CPL on converter stability.

(a) Voltage and current of buck converter under open-loop control. (b) Phase
trajectory of buck converter under open-loop control.

verification and comparative analysis. The experimental results
are subsequently provided in Section VI. Finally, Section VII
concludes this article.

II. UNCERTAIN HOFA MODEL AND ROBUST CONTROLLER OF
BucCK CONVERTER

A. Problem Description

Fig. 2 shows the circuit schematic of a buck converter sup-
plying a hybrid load comprising a resistive load (RL) and a CPL
in parallel, where S, D, L, and C represent the switch, diode,
inductor, and filter capacitor, respectively. F denotes the dc input
voltage, i1, is the inductor current, and v, is the output voltage
equal to filter capacitor voltage v..

Due to the negative incremental impedance characteristic
introduced by the CPL, the system state of the converter under
open-loop control will converge to limit cycles rather than the
desired operating point, as illustrated in Fig. 3(b). The out-
put voltage and inductor current of the converter exhibit wide
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fluctuations, as depicted in Fig. 3(a), resulting in poor output
power quality, increased current stress on devices, and potential
instability of upstream converters.

To achieve global stability in the closed-loop system, the
HOFA approach is utilized to model the system and compensate
the nonlinearities introduced by the CPL through state-feedback
control. To ensure robustness of the proposed controller, uncer-
tainties are taken into account in the derivation of the HOFA
model, and a robust tracking controller is devised based on this
uncertain HOFA model.

B. Uncertain HOFA Model of Buck Converter

According to the operating principle of buck converter in con-
tinuous conduction mode, the dynamic model of buck converter
described in averaged state model is given by

f?vL _ vC _ P (1)

ZL—f oo

{L‘“L = Ed—

where d € [0, 1] represents the duty cycle of the switch.

Defining the system state = € R? as z = [z1 25]T =
[ir, ve]T and selecting the duty cycle d as the control input u, we
consider system uncertainties stemming from input instability,
load disturbance, and parameter tolerance of inductance and
capacitance. The first-order state space model with nonlinear
uncertainties can thus be expressed in the form of a first-order
affine differential equation as

& = f(z,u) + bu @)
$2 +Af1(x27 ) — %
A FREA s +Af2(l"1v$2)} " M

3

where E,, L,, C,, R,, and P, represent the known nominal
values of corresponding system parameters, and the nonlinear
uncertainty terms A f1(x2,u) and A fo(x1, x2) are represented

as
1 1 E E
A S - = 4
fi(z2,u) (Lo L>w2+(L Lo>u “)
1 1 1 1
A = (= - = — -
fa(w1,22) (C Co>l‘1+ <CORO C’R> T2
P, P\ 1
A 5
* (00 0) 72 ©)
According to the HOFA system theory [23], the system model
represented by (2) is under-actuated, as the dimension of the
control input w is smaller than the dimension of the system state
x. Consequently, the control matrix b is not invertible, rendering
the input v incapable of decouplingly controlling the first-order
dynamics of all system states. Therefore, the HOFA approach is
employed to transform the uncontrollable system state into the
internal dynamics of a higher-order fully actuated system.

In this model, without the need for a coordinate transforma-
tion, the following equation in the pseudostrict-feedback form
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can be obtained:

Taking differentials of the first equation in (6), yields
. T 1 3.72 P o . ;
= — — — A ,T2). 7
Zo C.  C.R, + Congﬂz + Afa(w1, 22) (7N
Introducing the first equation of (6) into (7), the second-order
fully actuated model with uncertainties of buck converter can be
derived as

&y = f(x2,®2) + Af(x2,22) + Bu (8)
1 1 P, .
flxa, &2) = _LOC’OmQ - (ROCO - C()J%) T2 (9)
1 .
Af(za, &2) = —Af1(x2,u) + Afa(xr, z2) (10

Co

where A f(x9,Z2) represents the nonlinear uncertainty term in
the second-order dynamics of the output voltage x5, and B =
E,/(L,C,), which satisfies the fully actuated condition

det(B) # 0,VzS) € R,i=0,1. (11)

For the fully actuated system model (8), the state x» (i.e., output
voltage of the converter) is fully controllable. This enables the
attainment of closed-loop systems with arbitrary characteristics
through the design of control law w.

C. Analysis of the Negative Effect Caused by CPL

Consider the fully-actuated system model of the converter
without the nonlinear uncertainty term A f(xo, 25), expressed
as a standard second-order system equation

. 1 P 1 B

$2+(m—%)$2+w$2— u
where the term [1/(RC') — P/(Cz3)]42 which associated with
the rate of change &5 of the system output, functions as the
system damping term. It determines the system’s dissipation
and attenuation characteristics, influencing how the system
responds to disturbances. The nonlinear damping coefficient
c(z2) = 1/(RC) — P/(Cx3) indicates that the CPL provides a
variable damping effect to the system that changes as the output
voltage varies.

The negative incremental impedance effect caused by the
CPL manifests as a negative component in the damping term,
indicating a reduction in system damping. Conversely, the pas-
sive impedance effect of the resistive load appears as a positive
component in the damping term, signifying an increase in system
damping. When R > P/(z3%)?, the resistive load dominates, it
has ¢(z3) > 0, the system energy is dissipative at the equilibrium
point xo = x5, allowing the positive damping force to decay
the amplitude of the oscillation. The system can be asymp-
totically stabilised at arbitrary equilibrium point z3 € [0, E]
even under an open-loop control v = x5 /F. Conversely, when
R < P/(x%)?, the CPL dominates, resulting in ¢(x3) < 0. Here,
the system energy becomes nondissipative at the equilibrium
point, and the negative damping force drives the amplitude of the

(12)
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oscillations to increase, the system is unstable at the equilibrium
point, leading to the limit cycle phenomenon with dc bus voltage
oscillations under the open-loop control, as shown in Fig. 3.

To address the instability introduced by the constant power
load in the dc microgrids, where CPL dominate, the core idea
of the proposed method is to compensate for the negative com-
ponent in the open-loop first-order differential dynamics of the
output voltage through state feedback. The fully-actuated system
model, characterized by an invertible control matrix, facilitates
the design of a state-feedback control law, providing a favorable
framework for resolving the instability issues associated with
CPLs from the perspective of higher-order system dynamics.
In addition, unlike most existing methods that only tackle the
negative damping effect caused by CPL at the equilibrium point,
the proposed method dynamically compensates for the variable
negative damping effect of CPL, which varies with output
voltage, thereby ensuring large-signal stability under varying
voltage reference conditions.

Considering the uncertainty term Af(z2,#2) in the fully
actuated model as given in (8), the constant power load P
is divided into two components: 1) the normal value P,; and
2) the disturbance term AP = P — P,, which is incorporated
into the nonlinear uncertainty term. The determined portion of
the negative incremental impedance effect caused by the CPL
can be directly offset by state feedback, while the uncertain
portion is estimated and dynamically compensated for in the
proposed controller, thereby ensuring the system’s stability in
the Lyapunov sense.

D. Proposed Robust Controller

To achieve accurate tracking and fast dynamic response of the
output voltage, consider the following desired liner closed-loop
system:

E+ A1+ Ae=0 (13)

where e = x9 — x5 is the tracking error between the output
voltage x5 and its reference value z%. A; and A are the coeffi-
cients of the closed-loop system. According to Routh—Hurwitz
criterion, when the coefficients satisfy the conditions A; > 0
and Ag > 0, the closed-loop system is stable, and the tracking
error e converges globally and asymptotically to O.

Since the desired output voltage of the buck converter is dc,
x5 is a constant value, and thus &5 = %5 = 0. Therefore, the
equation of the desired closed-loop system (13) can be rewritten
as

o+ Aido + Ao(l'g — LL';) =0. (14)

Because that the control matrix B is invertible, by combining
(8) and (14), the desired closed system (13) can be achieved by
applying the following ideal controller:

U= Uc + Uy
Uue = =B~ (f(we,d2) + Af(x2,d2))
Uy = —B_l(Alj,‘Q + Ao.’IZ‘Q — AQJIE)

15)

The controller comprises two components, where the first term
u. is designed to offset all open-loop nonlinear dynamics, in-
cluding the negative incremental impedance effect introduced by
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the CPL, thereby achieving linearization, while the second term
uy is employed to reconstruct the desired closed-loop system.

However, the uncertain term A f(x2, &) is caused by dis-
turbances and tolerances in system parameters, which cannot
be measured accurately. Therefore, the term u. in the ideal
controller is difficult to achieve. Inspired by Theorem 3.4 in [29],
if the uncertainty term satisfies the boundary condition

[Af (22, d2)|| < pla2, 22)

where p(z2,42) is a nonnegative continuous scalar function
representing the absolute boundary of the uncertainty term
Af(xg,25). Then, the compensatory term u. in (15) can be
revised as

(16)

p* (w2, d2)

c = _B_l )

C? L03'32> (17)
to dynamically and partially compensate for the nonlinearities in
the open-loop system, thereby obtaining the following approxi-
mate linear closed-loop system:

p*(x2,d2)

€+ Arée+ Age = —
4e

C%Lyig + Af(xg,d2) (18)

where the states of the system converge globally asymptotically
to a sufficiently small neighbourhood near the equilibrium point

1 1
Q = { (22, i2) | = Colars — 03)? + 2 C2Lo(d)? < =
2 2 "
(19)
Here, € and y are positive numbers that satisfy
0 1 B
Re)»l({Ao A, ])<—2,z—1,2. (20)

Combining (15) and (17), the proposed robust controller can be
expressed as

L,C, 1 1 P, .
— ———— 2 — | =— — == | &
E, L,C, > \R,C, Coi%)™”
2 .
4P (w2, ¥2)
4e

u =

CZLOi'Q + Agxo + Ao — AOx;) 210

where the term — B~ P,i:5 /(C,23) offsets the determined por-
tion of the negative incremental impedance effect caused by
the CPL, while the term —B~1p2C2 L ,i5/(4¢) estimates and
dynamically compensates for the uncertain portion, thereby
ensuring the system’s stability in the Lyapunov sense.

III. STABILITY ANALYSIS OF CLOSED-LOOP SYSTEM

The stability of the closed-loop system is demonstrated in this
section using the Lyapunov stability theory.

After substituting the proposed robust control law (21) into the
open-loop system (8), the dynamic equation of the closed-loop

system can be expressed as (18). Let z = [e ¢]7, and
1
A" 22)
—Ay —A
. P2 (22, 82) oo . .
§(xo, @2) = *TCOLODCQJFAJC(%,@'Q)- (23)
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Then, equation of the closed-loop system can be rewritten as

0
Z=A.z+ N (24)
(w2, 2 )‘|
We can choose a positive definite matrix P € R%2*?2 as
C, 0
P = 25
0 cr, 23

and construct the quadratic Lyapunov function V = 27 Pz /2.
The derivative of this Lyapunov function can be calculated as

o1 1
V==z"TPz+-2TP:z.

2
5 3 (26)
Substituting (24) into (26) gives
. 1
V=_z2"(ATP+PA.)z+2"P . (27
2” (4. )zt (o, ) @7

For the matrix A satisfying the restriction (20), it can be easily
proved that

ATP 4 PA. < —uP. (28)
Substituting (28) into (27) yields
V < —uV +(x2, @2) 29)
where
. P2 (2, 32) s . \2 2 . .
77[}(1’271’2) = 7T (COLOSCQ) + COLOQZQAf(IQ,IQ).

(30)
Since the uncertainty term A f(xzo, @2) satisfies the boundary
condition (16), it follows that:

p? (2, d2)

o (C2Loita)” + plaa, ) |2 Lot

(31)
Let 0 = p(x2,i2)|C2L,%2|. From the inequality (o + 2¢)? >
0, it can be easily obtained that

Y(w2,22) < —

2

7 <
g — — E.
4e —

Applying the inequality (32) to (31) yields ¢ (x2, 23) < . Com-
bined with (29), it can be proved that

(32)

V< —uV +e. (33)

By multiplying both sides of (33) by e#”, and solving the definite
integral over the interval [0, t], we obtain

V(t)e' —V(0) < Sett — £ (34)
I I
which can be rewritten as
V() < V() + (1 — e ht), (35)
I
As t — o0, the Lyapunov function satisfies
lim V(t) < =.- (36)
t—o0 M

This indicates that by applying the robust control law (21), the
system states are asymptotically driven into the convergence
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region

1 . 1
3 Colra = a3 + 5C3Lo()” <

Q= {(xz,@) >

(37
According to the converter model in (1), when the output voltage
v, 1s stabilized, it has dv,. / d¢ = 0, and the inductor current 7,
reaches its steady-state value 77 , which is determined by the load
current 7,, and can be calculated as
i2=io=%+£- (38)
It is important to note that the steady-state current ¢7, is not a
constant but a variable that depends on the output voltage and
load conditions at steady state. When the output voltage or load
conditions change, 7} also varies.

Introducing (38) into the second equation of (1) yields

by = e = iz — i) (39)
This equation gives the relationship between the tracking error
of the inductor current and the rate of change ©. of the output
voltage.

According to (24), the proposed converter derives the state
z=[ée]T = [t v.—v}]T asymptotically and exponentially
converge to a sufficiently small neighborhood around the zero
point. This ensures that the output voltage v, tracks its reference
value v} and that the inductor current ¢y, tracks its steady-state
value 7, without requiring the detailed load information which
determines 77 . This feature eliminates the need for additional
current sensors to detect the load current under varying load
conditions.

By substituting (39) into (37), which describes the conver-
gence domain in terms of the output voltage v. and its derivative
V., the convergence domain can be rewritten as

L1 . Cc? , . €
O = {(vc,zL) 500(71(: —uh)? + 202L0(2L —it)? < e
(40)

This representation describes convergence domain in relation to
the output voltage v, and the inductor current 7 ,. This transfor-
mation facilitates the representation of the convergence domain
within phase portraits and the design of convergence domain
parameters.

As shown in the phase trajectory of the converter under the
proposed robust controller in Fig. 4, the system states are glob-
ally stable and asymptotically converge to an elliptical region
near the desired operating point.

IV. PARAMETER DESIGN OF THE PROPOSED CONTROLLER

In this section, an uncertainty boundary estimator is proposed
to estimate the absolute boundary p(z2, ) of the nonlinear
uncertainty term A f(xzo,2). Based on the physical charac-
teristics of the converter and practical design constraints, the
procedure for designing the closed-loop parameters A;, A,
and convergence domain parameters /4 and ¢ is then presented
to ensure sufficient tracking accuracy and dynamic response.
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Fig.4. Phase trajectory of buck converter under the proposed robust controller.

Subsequently, a feasible implementation of the control system
using a simple differential state observer is provided.

A. Estimation of Absolute Boundary p(xs, Z2)

In practice, the converter operates over a given range of
input voltage, resistive load, and constant power load. Due to
the basic principle of PWM modulation, the duty cycle as a
control input satisfies 0 < » < 1. In addition, the parametric
tolerances of the passive components L and C' are within a fixed
range. Consequently, the nonlinear uncertainty term A f (x4, )
is bounded, and there exists a positive definite scalar function
p(x2, @2) to describe its absolute boundary.

The equation of the nonlinear uncertainty term A f(xs, )
has been derived as (10) in Section II. Substituting (4) and the
differential of (4) in to (10) gives

. E B, 1 1
Af (e, dz) = (C’L N COL(,) v (C’L N COLO) 2

(A L N (PR
CR C,R,)"™T\Cc ™0, )2

(41)

According to the basic operating principle of the buck converter,
the output voltage always satisfies 0 < x5 < E. Applying the
absolute value inequality |a & b| < |a| 4 |b| to (41), it can be
obtained that

E E 1
AMnil < \gr -~ | e ~ e
[Af (22, d2)]] < ’CL C,L, CL ™~ C.L,|"”
U RS N P e
CR C,R, 2 C o -’L‘%

(42)

For a given range [Fmin, Emax]) of input voltage E, the nominal
value is selected as E, = (Fmin + Fmax)/2. Considering the
+20% parameter tolerance of L and C, the first term of (42) can
be estimated as

Ernax EO

_ 17E‘max - 8lz‘min
- Cmianin C’oLo B

16C, L,

E E,
CL C,L,

(43)
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Fig.5. I — U characteristic of a practical constant power load.

Similarly, the second term of (42) can be estimated as

11 _ 1 1 9
CL C’oLo 2= Cmianin CULO 2= ]-GCOLO 2

(44)
For a given range [Ryin, Rmax] of the resistive load R, the
nominal value can be selected as R, = 2(Rpax//Rmin) =
2R max Rmin/ (Rmax + Rmin ). Therefore, the third term of (42)
is estimated as

o~ | ial < (5 ) i
CR CoRo w2l = CYmin-Rmin CORO 2
3Rmax - 2Rmin .
— 20max 7 S tmin 1 4
4CoRmianax ‘I2| ( 5)

Similarly, for a given range [ Poin, Pmax| Of constant power load
P, the nominal value is selected as P, = (Prin + Pmax)/2- The
last term of (42) can be estimated as

P Po |j"2|<(PmaX_Po>|i‘2|<3Pmax_2Pmin

E B 60 7% B CYmin 60 ZL’% o 4C0V;l%

|2
(46)
where Vj;, represents the startup threshold voltage of the CPL.

It should be noted that most practical CPLs exhibit positive
incremental impedance characteristics during the startup phase,
where the load current increases linearly to avoid excessive surge
current, as shown in Fig. 5. Once the load voltage reaches the
startup threshold voltage Vi, the load switches to the constant
power phase [30]. The last term of (42) represents the absolute
error between the slope of the constant power load current and
its nominal value, reaching its maximum at v, = V.

By introducing (43), (44), (45), and (46) into (42), the un-
certainty boundary estimator can be formulated as a positive
continuous scalar function p(xs,Z2), which describes the ab-
solute boundary of the uncertain term A f(x5,42) and can be
calculated as

. 17Lzlmaxx - 8Emin 9
plenda) = =g — T To0,1,
+ 3Rmax - 2}%min 3Pmax - 2Pmin |:17 |
4CoRmianax 400‘4}? 21

(47)

It should be noted that the boundary estimation function (47)
is a function of the system states xo and 2o themselves, rather
than their maximum or minimum values. Since the nonlinear
uncertain term A f(x9, &) is a dynamic term dependent on
the system states, selecting the boundary estimation function
in this form allows for an accurate capture of the upper bound
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of this dynamic component caused by uncertainty. Moreover,
fully utilizing the known state information not only results in
less conservative boundary estimates, but also expands the range
over which the boundary constraint (16) holds, thus ensuring the
global asymptotic stability of the proposed robust controller.

B. Closed-Loop Parameters Ay and Ag

By applying the proposed robust controller, the closed-loop
dynamics approximately follow the desired linear system (13).
The parameters A; and Ag not only affect the stability, but also
the dynamic response of the closed-loop system.

First, according to Routh—Hurwitz criterion, to ensure the
stability of the closed-loop system, the parameters A; and A
must satisfy

Ay >0, Ag > 0. (48)

This condition ensures that there are no closed-loop poles lo-
cated in the positive part of the complex plane, thereby guaran-
teeing the existence of a positive number y that satisfies (20).
Consequently, the system is stable and the states converges
globally asymptotically to the region (40).

In practice, the input dynamics of tightly regulated load
converters, which function as CPLs, are typically slower than
those of ideal CPLs. As a result, stability boundary analyses
based on the simplified ideal CPL model tend to be more con-
servative [36]. To address this limitation, Appendix A provides
a conservatism-free parameter stability region analysis for the
proposed controller, accounting for the actual dynamics of the
load converter. This refined analysis further relaxes the param-
eter constraints in (48), offering an extended and more accurate
stability boundary for controller design.

Second, the design of the parameters A; and Ay can be
achieved using the pole configuration method of linear systems.
According to the classical control theory [31], the eigenvalues
A1,2 of a second-order system are determined as

o = wn (—g £/ 1)

where ( is the damping ratio and w,, is the natural resonance
frequency of the second-order system.

The damping ratio ¢ determines the type of system dynamic
response, including overdamped (¢ > 1), critically-damped
(¢ = 1)andunderdamped (0 < ¢ < 1). To ensure an output with
no overshoot and a faster response, critical damping (( = 1) is
often chosen.

The natural resonance frequency w,, determines the speed of
system’s dynamic response. The settling time ¢, (with a 2%
criterion) of a second-order system can be calculated as

4.4
t J—

T Cwn

which means under the same condition of damping ratio ¢, a
larger resonance frequency w,, leads to a faster dynamic response
of the system. The trajectories of eigenvalues with the increasing
of ¢ and w,, is shown in Fig. 6, and the desired eigenvalues can
be determined based on (49) and (50).

(49)

(50)
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Fig. 6. Trajectories of Eigenvalues: (a) With the increasing of ¢, (b) With the
increasing of wn, .

It is important to note that while a larger natural resonant
frequency w,, implies a faster closed-loop dynamic response,
there are limits to its selection. To ensure effective control in
power electronic converters, the voltage loop bandwidth (i.e.,
closed-loop cutoff frequency f,) is typically designed to be less
than 1/50 of the switching frequency f,, leading to the constraint
fv < fs/50. This can be expressed in terms of angular frequency
as w, < 7 fs/25. For a second-order system, the relationship
between the closed-loop cutoff frequency w, and the natural
resonance frequency w,, is given by

Wy = W, (1—2§2+ 274C2+4C4)1/2 (51)

Therefore, the design constraint for w,, can be expressed as

1/2
wn < 0.047 1,/ (1 — 92 42— 4C% + 4CH ) (52)
Finally, given the desired eigenvalues A; o, the parameters A;
and Ao can be calculated as

Al = *()\1 + )»2), AQ = A1ho. (53)

It should be noted that although the proposed controller does
not directly utilize the inductor current signal to form an explicit
inner current loop, it cannot be regarded as a conventional single
voltage loop control. In conventional single voltage loop control,
the voltage loop bandwidth is typically set lower to ensure
effective current tracking. This is because the absence of an
inner-loop current regulator limits the bandwidth of inductor
current response, which is completely determined by the power
stage dynamics. In contrast, the proposed controller leverages
the system’s differential dynamics, as described in (39), which
indicate that the differential of the output voltage is proportional
to the tracking error of the inductor current. Consequently,
the feedback related to v, in the controller can be regarded
as implicitly introducing an “equivalent inner current loop”,
which enables the inductor current to exhibit a fast dynamic
response similar to that under dual-loop control. This permits a
higher voltage loop bandwidth to obtain a faster system dynamic
response. Nonetheless, to suppress high-frequency switching
noise and maintain the accuracy of the PWM modulator, adher-
ence to the design constraint specified in (52) remains essential.
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C. Convergence Domain Parameters i and €

The stability analysis in Section III has proved that the system
states will asymptotically converge to the elliptical region Q*
under the proposed controller. Since the size of convergence
region is determined by the parameters p and ¢, it is necessary
to appropriately design these parameters to achieve accurate
voltage tracking and desired static performance of closed-loop
systems.

Once the parameters A; and Ag are determined, according to
the constraint (20), the convergence domain parameter 4 can be
selected as

{0 <p< A — AT A, A, >2/A,

54
0</L<A1, A1§2\/A(). ( )
According to the design requirements of the buck converter, the
tracking error between the output voltage and its rated value is
generally limited to 5%. This condition can be expressed as

|ve — v} < 0.050]. (55)

When the buck converter operates in CCM, the absolute error
between the inductor 77, and its steady-state dc component 7, is
less than half of the peak-to-peak ripple current Alr,_,. This

gives the restrictive condition
(£ —vp)vg < (Bmax — vg)vz
2Ef,L ~ 1.6EmaxfsLo
56)
By introducing (55) and (56) into (40), the design rule for the
ratio between ¢ and p should satisfy

e _ Co(0.050)° [(Bmax —vp)vi®
w 2 2 x 0.82 X (1.6 Epax fs)%Lo

(57
The convergence region parameter ¢ can be determined by
combining (54) and (57).

. . 1
lir —i7| < §AILpfp =

0<

D. Implementation of the Control System

According to the proposed control law (21), obtaining the
differential of the output capacitor voltage is essential for state
feedback control. When employing the direct sensing method,
the use of a noise-sensitive differentiator becomes inevitable,
thereby diminishing the antiinterference and reliability of the
entire control system. To address this issue, the indirect method
is adopted, wherein the differential of the output capacitor volt-
age is obtained by sensing the capacitor current 7. and applying
the following differential state observer:

— i (58)

where &5 represents the observed value of &5 under the proposed
method.

The actual value can be deduced as &3 = i./C. Combining
this with (58) gives the relationship between the observed value
and actual value as o = (C/C,)i. Therefore, the presence
of parameter tolerance of C' may result in a certain amount
of detection error, which has four impacts on the closed-loop
control system.
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First, the controller cannot completely compensate for the
known open-loop nonlinear term f (x4, Z2), wherein the differ-
ence can be processed as a new uncertain term in A f(zo, @9).
Therefore, the absolute boundary function p(xy,42) should
include an additional term

C,-C( 1 P
Co, \R,C, Coa2

0.25 0.25Pnax \ .
o < 59
* Il < (Rminco AT ) S
and p(z2, 2) can be revised as
(.13 JAj ) _ 17Emax - 8Emin 9 x
P2 12) = 60, L 16C,L, >
2-Rmax - Rmin 2-Pmax - Pmin |‘%2|
i (200Rmianax 200‘/;}? ) 08 ( )

Second, the eigenstructure of the closed-loop system may de-
viate from the desired value. The actual closed-loop system
dynamics are approximated by the following linear system:

e+ £A1é+Aoe:O. ©61)

C
When A; and Ag are designed to operate at critical damping,
if C < C,, the actual closed-loop system operates at under
damping, resulting in an overshoot in the output dynamic re-
sponse. To ensure the overshoot-free regulation, margins should
be considered in the design of the parameter A;. Therefore, a
damping ratio of ¢ > 1/0.8 = 1.25 is selected in the process of
designing closed-loop parameters A; and Aj.

Third, due to the parameter tolerance of C, applying the state
observer (58) may lead to a rightward shift of the pole near
the imaginary axis. When the design constraint ( >= 1.25 is
satisfied, it follows that 1.24; > 2,/A4,. To ensure the global
asymptotic stability of the closed-loop system, the parameter
design range for i should be tightened to

0<p<124; —/(1.247)2 — 44,. (62)

Fourth, affected by the observer error, the actual convergence
domain becomes
2

Q*—{(vc,z’L) %(vc o)+ %LO(Q )2 < g; } .

(63)
To ensure that the convergence domain satisfies the design
requirements (55) and (56), the design interval (57) for /u
should be multiplied by a correction factor of 0.8, and becomes

© _ Co0.050:)? [(Eumax — v2)02)?
w 2.5

0<

- (64

2 x 0.8 X (1.6 Emax fs)? 64)
Itis worthy noting that if the differentiator direct sensing method
is used, the abovementioned parameter corrections do not need
to be taken into account. In addition to this, the state observer
can also be chosen as

(65)

and parameters corrections should also be considered according
to the observer error. This option is not discussed further in this
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Fig. 7. Block diagram of the proposed HOFA-based robust controller.

article. The block diagram of the proposed HOFA-based robust
controller is depicted in Fig. 7.

E. Design of the Current Limiting Module

Overcurrent protection is crucial in converters to prevent
component damage during transients, where current surges may
occur. Proper current limitation not only safeguards the converter
switches from catastrophic failures, but also ensures the overall
reliability and longevity of the system.

Unlike the approach in [19], which implements current lim-
iting through a complex inequality constraint on the duty cycle
in model predictive control, and the solutions in [14] and [32],
which introduce a current saturation limit before the inner-loop
current reference, this paper proposes a novel current limiting
method. In this method, the inductor current iz, is indirectly
limited by constraining the capacitor current 7., eliminating the
need for additional current sensors.

According to the converter model (1), the relationship be-
tween the inductor and capacitor currents is given by

1L =1c+ 1 (66)
where i, = v./R + P/v. represents the load current. Since the
load current is bounded (0 < ¢, < %, max), the inductor current
can be indirectly limited by constraining the capacitor current.

Assuming the capacitor current is limited to 4. jim, the in-
ductor current is then constrained by i, 1im = %c,lim + %o. If the
desired overcurrent protection limit for the inductor current is
a constant I,p, then the capacitor current limit 4. i, should be
designed as ic1im = locp — %0. However, without an additional
current sensor, the load current i, cannot be accurately mea-
sured. To address this, the proposed method roughly estimates
the load current using the nominal values of the load parame-
ters R,, P, and the detected output voltage v., which can be

calculated as
Ve P, .
PR Iy e nlrt if ve > Vi
o = Ve P,

. (67)
R, + Tévcv lfvc S V;h-
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The limiting value of i, is then designed as

(68)

ic,lim - Iocp - Zl;
Substituting (68) into (66), the inductor current limit becomes

Z'L,lim = Iocp - iz + o (69)

It is evident from (69) that the proposed method allows the
inductor current limit ¢z, ji, to fluctuate around I,,, depend-
ing on the actual load conditions. As the load increases, the
current limit correspondingly increases; conversely, as the load
decreases, the current limit decreases accordingly. This adaptive
behavior is acceptable in practice, provided that the maximum
limiting value does not exceed the maximum current rating of
the components, and the minimum limiting value is sufficient
for normal operation.

The implementation of the proposed overcurrent protection
method is illustrated in Fig. 8. The detected capacitor current
1. is compared with the capacitor current limit . i, using a
comparator. The pulse-width modulated control signal u and
the output of the comparator are then fed into an AND gate to
generate the drive signal for the switch S. When the capacitor
current ¢, exceeds its limit 4., jin,, the drive signal is forced to a
low level, causing the inductor current i, decrease (diz, /dt < 0)
until it falls below the limit, thereby achieving effective over-
current protection.

Based on the given nominal load parameters R, and P, in
Subsection A of this section, the nominal value of the load
current can be calculated as

7;2; = (io,min + io,max)/Q- (70)

Substituting (70) into (69), the range of the inductor current limit
i7,1im can be determined as

Iocp + (io,min - io,rnax)/Q < Z.L,lim < Iocp + (io,rnax - Z'o,min)/2-

(71)
To prevent overcurrent damage to the components, the maximum
inductor current limit should be designed to be less than the
maximum current withstand I, of the components. This gives
the design constraint

Iocp + (io,max - Z.o,min)/2 < Irnax- (72)

In addition, the inductor current limit 4z, j;,,, should always be
greater than the load current ¢, to ensure that the constant
power load can startup properly. If this condition is not met,
the converter will operate at the current-limiting point, which
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TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS OF THE BUCK CONVERTER

Descriptions Symbols  Parameter values
Input voltage E 60~80 V
Desired output voltage Vi 50V
Inductance L 2 mH £+ 20%
Capacitance C 470 uF +20%
Resistive load R 50~00 Q
Constant power load P 0~150 W
Switching frequency fs 20 kHz
Constant resistor
phase of CPL
15 i
Full load
« condition |

—_
(=]

Limit value iy jim (A)

St Y No-load 1
Constant power condition
ot Vi phase of CPL |
0 20 40 60 80
Output Voltage (V)

Fig. 9. Curves of inductor current limit 47, j;,, with the variety of output
voltage v, under different load conditions.

gives another design constraint

Toep —ip 4+ 1o > 0. (73)

In dc microgrids where CPLs dominate the load system, the peak
values of i;, and %, max — %o,min OCcur at the startup threshold
voltage Vi,. By combining (72) and (73), and substituting v, =
Vin, the design rule for o, can be derived as

Vrfh & V;h(Rmin - Rmax)

Rio * ‘/th 2]%min Rmax

Pmin - Pmax

< Iocp <Tmax+

+

2Vin

(714)
Using the system parameters outlined in Table I, and assuming a
maximum current rating of I, = 20 A and the startup thresh-
old voltage of the CPL at Vi = 15V, substituting these values
into (74) yields the design constraint 5.15 A < Ioep < 14.85 A.
By selecting Io., = 8 A for the proposed current limiting circuit,
the curves depicting the inductor current limit %7, 1, With the
variety of output voltage v, under different load conditions are
presented in Fig. 9.

V. SIMULATION RESULTS

In this section, a simulation model of a buck converter feeding
hybrid loads (RL+CPL), which implements the proposed control
algorithm, is developed using MATLAB/Simulink to demon-
strate the effectiveness of the proposed HOFA-based robust
controller. The parameters of the buck converter used for both
simulation and experimental validation are listed in Table I.

To verify the dynamic performance and robustness during
load, input or output reference sudden changing of the proposed
method, the comparison has been made between the cascaded
PI controller, the passivity-based controller with nonlinear dis-
turbance observer (PBC+NDO) [10] and this proposed HOFA-
based robust controller.
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Fig. 10.
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Simulated dynamic response of output voltages and inductor currents when: (a) Output power step change in CPL from 0 to 150 W at t = 0.1 s, and

from 150 to 0 W at ¢ = 0.14 s, with a 50 €2 constant resistive load, (b) Output power step change in CPL from 75 to 150 W at t = 0.1 s, and from 150 to 75 W at
t = 0.14 s, without resistive load, (c) Input voltage step change from 80 to 60 V att = 0.1 s, and from 60 to 80 V at ¢ = 0.15 s, (d) Output voltage reference step

change from 50 to 40 Vatt = 0.1 s, and from 40 to 50 V at¢t = 0.15 s.

The parameters of the proposed controller can be calculated
according to the design procedures proposed in Section IV. The
nominal values of the system parameters are F/, =70V, R, =
100 and P, = 75 W. Setting Vi, = 15V, the absolute boundary
function can be determined as

p(wa,29) = 3.02 x 107 4 3.09 x 10°z5 + 9.43 x 10?|d5].
(75)
Choosing the natural resonance frequency w, = 5 x 10 and
critical damping ratio ¢ = 1.25, the closed-loop parameters A;
and Ag can be calculated by

A; =1.25 x 10%, 49 = 2.5 x 107. (76)

According to (62), the parameter p can be determined as
1t = 3.82 x 103. Combining with (64) and the selected p, the
parameter € can be calculated as € = 49. Then, the control law
can be obtained by taking the above parameters into (21).
Under the same main circuit parameters listed in Table I,
the cascaded PI controller used for comparison is designed
according to the standard design guidelines outlined in [20]. This
approach is based on the linearized model in the frequency do-
main, aiming to achieve the desired dynamic performance while
ensuring sufficient stability margins. For a fair comparison, the
bandwidth w, of the outer voltage loop is selected to match
the control bandwidth of the proposed controller, calculated as
Wy = wn (1 —2¢% + /2 — 4¢2 + 4¢4)Y/? = 2364 rad/s. Con-
sequently, the control parameters for the outer voltage loop can
be determined as K, = 1.11 and K;,, = 263. To ensure effec-
tive cascaded-loop control, the bandwidth of the inner current
loop is set to ten times that of the outer voltage loop, resulting
inw; = 2.364 x 10* rad/s, with control parameters K,; = 0.68
For the comparison with the PBC+NDO, we adopt the gain
selection technique proposed in [33] to design the virtual resis-
tances R14 and Rs, of the PBC, ensuring a fair comparison and
the best performance. The natural resonance frequency w,, and
damping ratio £ of the desired closed-loop system are aligned
with those of the proposed controller. The control parameters for
the PBC are setas R14 = 26.33 and Ry = 1.17. To optimize the
observer’s performance, we apply the standard design procedure

§ 51 Nominal C, and L,
< ——0.8C, and 0.8L,
2,50.5 —— 1.2C, and 1.2L,
8
§ 50
2.49.5
=]
S 49
0.0995 0.1005 0.1015 0.1025
Time(s)

Fig. 11. Simulated dynamic response of output voltages when CPL power
changes from 0 to 150 W at nominal parameters L, and C,, —20% parameter
offset and +20% parameters offset.

TABLE II
COMPARISON OF THE SIMULATION RESULTS

Operation conditions Metrics  Cascaded PI  PBC+NDO  Proposed
oL W 150W VF 227V 131V 0.74V
RT 18.72ms 4.29ms 2.43ms
power VE 218V 125V 0.60V
steps 150W—0W ’ ’ '
RT 17.64ms 4.17ms 2.42ms
Input SOV 60V [§) 0.76V ~0V ~0V
SE ~0V 0.22V 0.15V
voltage ) 0.78V ~0V ~0V
steps 60V—80V ’ - -
SE ~0V 94mV 63mV
[¢) 1.94V ~0V ~0V
50V—40V
Reference - RT 11.18ms 431ms 2.16ms
voltage ) 2.08V ~0V ~0vV
steps 40V—50V ’ - -
RT 12.20ms 4.57ms 2.46ms

Notes: VF: Voltage fluctuation, RT: Regulation time, O: Overshoot, SE:
Static error.

from [34] to determine the gain parameters A; and A, of the
NDO, which are established as A; = 8128 and Ao = 1700.
The simulated dynamic responses of output voltages and
inductor currents under different controllers in four operation
cases are illustrated in Figs. 10 and 11. In addition, the numerical
comparison of the simulation results is given in Table II.

A. Case I: CPL Power Changes

In this case, step changes in the CPL power of the buck con-
verter are considered. Fig. 10(a) illustrates the simulation results
of the output voltage and the inductor current when a 150 W
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CPL is switched ON at ¢ = 0.1 s and switched OFF att = 0.14 s,
while the converter simultaneously feeds a resistive load of 50
Q. In addition, Fig. 10(b) presents the simulation results for the
output voltage and inductor current under the condition where
the CPL power steps from its nominal value of 75 W to its
maximum value of 150 W at ¢ = 0.1 s and returns to 75 W at
t = 0.14 s without the resistive load. Comparing the simulation
results gives shows that the proposed controller achieves the
fastest dynamic recovery performance with the smallest voltage
fluctuation under large CPL power changes. The integral term
in the cascaded PI controller helps eliminate static errors but
worsens the transient performance of the system, leading to
larger voltage swings and slower regulation. In addition, the
estimated value for the CPL power by the nonlinear disturbance
observer applied in PBC+NDO lags behind the actual change
values. There is a tradeoff between tracking speed and tracking
accuracy in the observer, resulting in a slower dynamic response
compared to the proposed controller.

B. Case II: Input Voltage Changes

Fig. 10(c) shows the dynamic response of the converter under
input voltage changes. The input voltage steps from 80 to 60 V at
t = 0.1s, and returns to 80 V at ¢ = 0.15 s. It is observed that,
except for the cascaded PI controller, both the proposed con-
troller and PBC+NDO exhibit no significant voltage fluctuation
under the 25% input variation. The inclusion of an integral term
guarantees the error-free regulation of the cascaded PI controller
under different input voltages. Without the integral term, the
proposed controller and PBC+NDO exhibit small steady-state
errors. However, benefiting from the dynamic compensation on
the nonlinear uncertainty terms, the proposed controller can
further reduce the static error to achieve better steady-state
performance compared with PBC+NDO.

C. Case IlI: Reference Voltage Changes

Fig. 10(d) shows the simulation results of the output voltage
and the inductor current of the buck converter under the step
changes of the reference output voltage. The reference voltage
steps from 50 to 40 V at t = 0.1 s, and from 40 to 50 V at
t = 0.15 s. Under the 25% reference voltage variation, the pro-
posed controller exhibits less inductor current overshoot while
achieving faster dynamic response compared to the cascaded PI
controller. This is due to the fact that the integration term in the PI
controller adds an extra pole to the system, increasing the system
order and introducing additional system dynamics, resulting in
larger transient overshoot and slower dynamic response.

D. Case IV: Parameter Mismatch

To validate the robustness of the proposed controller against
parameter mismatches in the inductor L and capacitor C' from
their nominal value L, and C,, simulated results of the out-
put voltage v, during CPL power changes from 0 to 150 W
are presented. The simulations were conducted with nominal
parameters, as well as with —20% and +20% offset in the

9101

- « - y
RO/ sl
=82 @ e !
Y N - ] — \/0ltage
g t -L 5 Probe

Ly

Current
Probe

Fig. 12. Experimental platform of buck converter feeding RL and CPL for
validating the proposed control method.

parameters. These results are illustrated in Fig. 11. It can be ob-
served that the dynamic recovery and steady-state performance
of the output voltage show minimal differences under +20%
parameter offsets when the proposed controller is applied. This
demonstrates the strong robustness of the proposed controller
against parameter mismatches.

The above simulated waveforms and comparison results
demonstrate that, compared with the cascaded PI controller
and PBC+NDO, the proposed control strategy achieves accurate
voltage tracking with smaller steady-state error and the superior
dynamic performance under the input or load disturbances and
reference voltage changes. In addition, the proposed controller
shows robust performance against parameter mismatches, fur-
ther enhancing its reliability in practical applications.

VI. EXPERIMENTAL RESULTS

To validate the superiority of the proposed controller, an
experimental platform is constructed in the laboratory, as shown
in Fig. 12. The proposed control method is implemented on
the DSP TMS320F28335 C2000 microcontroller. The pro-
grammable power supply IT6722 A is used as the dc input
source, and the dc programmable electronic load IT8511A+
operating in the constant power mode is employed to emulate
the CPL. The power devices for the main circuit include the
MOSFET JCS640RH for active switch S and Schottky diode
SRT20L150SCS for diode D. In addition, the current sensor
IC ACS733KLATR is used to sense the current of the output
filter capacitor C.

The experimental parameters for main circuit are given in
Table I, which are the same as the simulation parameters. The
control parameters follow the results calculated in Section V.
The experimental tests are conducted under the following four
conditions:

1) CPL power changes;

2) input voltage changes;

3) reference voltage changes;

4) parameter mismatches.

In each condition, the dynamic response waveforms of the
output voltage and inductor current are tested in the experimen-
tal platform and captured in an oscilloscope when using the
cascaded PI controller and the proposed controller, respectively.
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Fig. 13.  Experimental results of system dynamic response under the condition
that CPL power changes from 0 to 150 W and back to 0 W with a 50 €2 constant
resistive load using: (a) Conventional cascaded PI controller, (b) Proposed
HOFA-based robust controller.
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Fig. 14.  Experimental results of system dynamic response under the condition

that CPL power changes from 75 to 150 W and back to 75 W without resistive
load using: (a) Conventional cascaded PI controller, (b) Proposed HOFA-based
robust controller.

A. Experimental Test of CPL Power Changes

Fig. 13(a) and (b) illustrate the system’s dynamic response
when CPL power transitions from 0 to 150 W and back to
0 W with a 50 €2 constant resistive load, using the conventional
cascaded PI controller and the proposed HOFA-based robust
controller, respectively. In addition, Fig. 14(a) and (b) show the
system’s response for CPL power changes from 75 to 150 W
and back to 75 W, without the constant resistive load, again
comparing the conventional cascaded PI controller with the
proposed controller. It can be observed that voltage fluctuation
and the regulation time of the output using the proposed HOFA-
based robust controller are significantly less than those using
the conventional cascaded PI controller. To further validate the
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Fig. 15.  Experimental results of system dynamic response under the condition
that input voltage changes from 80 to 60 V and back to 80 V using: (a) Conven-
tional cascaded PI controller, (b) Proposed HOFA-based robust controller.

superiority of the proposed controller, a numerical comparison
of the experimental results under the condition of CPL power
variation between the proposed controller and other state-of-the-
art control methods is presented in Table III. The comparison
results demonstrate the superior dynamic performance of the
proposed controller.

B. Experimental Test of Input Voltage Changes

Fig. 15(a) and (b) depict the system dynamic response under
the condition where the input voltage changes from 80 to 60 V
and returns to 80 V using conventional cascaded PI controller
and the proposed HOFA-based robust controller, respectively.
Compared to the cascaded PI controller, the proposed controller
achieves a faster and smoother transition of the output voltage
without any overshoot, demonstrating the superior robustness
against input voltage disturbance. Under the 25% input voltage
variation, the output voltage experiences a change of just 0.28 V,
which is less than 0.6% of its rated value, illustrating the good
steady-state performance of the proposed controller.

C. Experimental Test of Reference Voltage Changes

Fig. 16(a) and (b) show the system dynamic response under
the condition where the reference output voltage changes from
50 to 40 V and back to 50 V using the conventional cascaded PI
and the proposed HOFA-based robust controller, respectively. It
can be observed that with the proposed controller, the output
voltage can swiftly, precisely, and steadily track the varied
reference output voltage without any overshoot. In contrast, with
the cascaded PI controller, the output voltage exhibits significant
overshoot, longer settling time and higher current overshoot
when tracking the varied reference voltage. This demonstrates
the superiority of the proposed method in dynamic response
speed and tracking accuracy. In addition, the experimental re-
sults demonstrate that the proposed overcurrent limiting module
effectively restricts the inductor current to below 10 A during the
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TABLE III
COMPARISON OF THE PROPOSED CONTROLLER AND OTHER METHODS

Methods Number of  Degree of CI-JL-power Volt-age Regulating Overcuryem
Sensors freedom variation (W)  fluctuation (%) time (ms) protection
Backsteppin,
+NDOP[[;7]g 2 4 50 8 40 No
Plant-integratin
controlle% [32]g 2 2 125 2.9 7 Yes
MPC+NI [19] 3 5 10 8.3 20 Yes
DQSMC [14] 2 4 192 2.5 - Yes
PBC+NDO [10] 2 4 9.8 2.78 4.5 No
PBC+PO [11] 3 4 60 6.7 7 No
PBC+AEKF [12] 2 3 232 44 3.6 No
ESC [21] 3 3 20 2.1 200 No
GDPC+NDO [22] 2 6 50 1.3 25 No
Proposed 2 4 150 1.6 24 Yes
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Fig. 16.  Experimental results of system dynamic response under the condition
that reference voltage changes from 50 to 40 V and back to 50 V using:
(a) Conventional cascaded PI controller, (b) Proposed HOFA-based robust
controller.

harsh transient condition when a 25% reference voltage variation
from 40 to 50 V, which verifies the effectiveness of the proposed
current limiting module.

D. Experimental Test of Parameter Mismatch

To evaluate the robustness of the proposed controller against
inductance and capacitance parameter mismatches, load step
experiments were conducted with CPL power varying from
0 to 150 W under three different circuit parameter conditions:
nominal L, and C,, values, a —20% parameter offset (0.8 L, and
0.8C,), and a +20% parameter offset (1.2L,, and 1.2C,,). The
impact of parameter mismatches on controller performance is
demonstrated by comparing the resulting voltage fluctuations
and steady-state errors, providing a clear and intuitive assess-
ment. The experimental results in Fig. 17 indicate that the voltage
fluctuations across all three parameter conditions remain similar,
each below 2% of the rated output. Additionally, the steady-state
errors are consistent, remaining within 1% of the rated output.

This demonstrates that the dynamic recovery and steady-state
performance of the proposed controller are maintained de-
spite parameter mismatches, validating its robustness in such
scenarios.

In summary, the proposed controller ensures system stability
under a wide range of input and load disturbance, achieves
accurate voltage tracking, and demonstrates superior dynamic
recovery performance and fast response speed. These results are
consistent with the theoretical analysis and simulation verifica-
tion. There is a small difference between the numerical results
of the experiment and the simulation. The dynamic response
in the experimental case is slightly slower because the voltage
of the input power supply and the power of the electronic
load cannot be changed instantaneously in the experiment to
emulate the desired step change in the simulation. In addition,
due to sampling circuit errors and analog-to-digital conversion
accuracy, the steady-state error in the experiments is slightly
larger than that in the simulation, but this remains within the
acceptable range.

VII. CONCLUSION

This article presents a novel robust controller based on HOFA
system approach to address the instability problems of buck
converters with CPLs in dc microgrid. First, a robust nonlinear
control strategy is proposed, derived from the second-order
uncertain fully actuated model of the system. An uncertainty



9104

Load
Bus

PWM
Generator

Fig. 18.  Control system diagram of the load converter in CPL.

boundary estimator is designed to enhance system robustness
against disturbances without precise measurements of power
load or input. A simple and easy-to-implement differential state
observer is then adopted to avoid the direct use of differentiators.
Finally, the effectiveness of the proposed method is validated
through simulation and experimental results, demonstrating fast
dynamic response, small steady-state error, and strong robust-
ness against the disturbances. The controller achieves accurate
output voltage tracking and superior performance compared to
existing methods. The HOFA system approach presents a novel
and intriguing research direction for the analysis and control of
power electronic converters form the perspective of high-order
system dynamics, yet many opportunities for further exploration
and development remain.

APPENDIX

A. Conservatism-Free Parameter Stability Region Analysis

In prior studies, CPLs are often modeled as ideal controlled
current sources to simplify controller design. However, this
approach neglects the dynamic behavior of actual CPLs, where
load converters operate under closed-loop regulation. Due to the
slower dynamic response of real CPLs compared to their ideal
counterparts, stability conclusions based on simplified models
can lead to overly conservative parameter constraints for source
converters [36].

To obtain a conservatism-free parameter stability region of the
proposed controller while accounting for the actual dynamics of
the load converter under tightly regulation, this section studies a
buck converter feeding a resistive load as the CPL that connected
to the load bus, as shown in Fig. 18. Based on its operational
principles, the dynamic model is

di -
Ly=3? = dave — Raipa — voo
Cs dvca vea |

; (77)
dat. — L2 T R,

The closed-loop controller of the load converter consists of
an outer voltage loop and an inner current loop, with the trans-
fer functions as G'1,(s) and G;(s), respectively. The control
system can be expressed as

{IL2ref = Krop(Voorer — v02) + Krvi [(Vooref — vo2)dt
do = Krip(Iroser — ir2) + Krii [ (Inrer — ir2)dt

(78)
where K., and Kr,; are the proportional and integral coef-
ficients of the outer voltage loop, respectively; Kr, and Kp,;;
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are the proportional and integral coefficients of the inner current
loop, respectively.

The inductor current 77,5 of the load converter can be derived
by solving the differential equation in the first term of (77) as

-R
ia = (dyve — veo + k1e T2 ) /Ry (79)

where k7 is a constant determined by the initial value i 5 (¢ = 0)
of the inductor current.

Substituting the second equation of (78) into (79), the current
11,2 under closed-loop regulation can be rewritten as

it = [Kriplraretve — o2 + Kpiive [(Inorer — tr2)dt

—Ro
+ ke "1/(Ray + KLipve). (80)

Assuming negligible energy loss in the load converter, it has
ThusVe = t12Vc2 = Preqr. Therefore, the actual load power of
the converter can be calculated as

Prea = [Kriplro retvevor + Kriiveves [(Inorer — in2)dt

-R
— 02y + kvese T2 1/ (Ra + KLipve). (81)

In the proposed controller (21), the term —B~!P,i5/(Cyx3)
compensates for the nonlinear dynamics introduced by CPLs.
However, due to the slower dynamic response of the load
converter input current (ipys < P,/v.), the actual load power
instantaneously processed by the source converter is Py < P,.
Consequently, the compensatory term overcompensates, leading
to the following approximate linear closed-loop system:

Po - Pr N *
Be + Ay + (17@21“ + Ag(ve—v3)=0. (82
For this second-order system, stability requires Ay > 0 and
Po - R’ a
A+, (83)

Cov?
In the load converter’s steady state, it has ir,o = I12 ref, Vo2 =
Voo sers and Py = 115 1etVeo et In addition, e~ #2t/£2 < 1 holds
for Vt <0, and the coefficient k; is determined as ki =
I12 et Ro. Substituting these conditions into (81) gives

(Vearet — In2.retR2) Voo ref
KLipvc

Preal < P, o (84)
where Rj is the parasitic resistance of the load converter inductor
Lo, and it generally satisfies I3 reflR2 << Voo ref-

Given the permissible fluctuation range of dc bus voltage is
+10% of its rated value (v, < 1.1 X v¥). The overcompensated

part of the proposed controller for the source converter can thus
be estimated as

P, — Pea _ (Voorer — ILQ,refRQ)VCQ,ref.
Covg (11 X 'Uz)gKLipCO
Substituting (85) into the stability constraint (83), the design
constraint of the control parameter A; can be relaxed to

(85)

A (VCQ,ref - IL2,refR2)VCQ,ref

1> — .
(1.1 X UZ)3KLipCo

For the given parameters: Parasitic resistance Ry = 15 m €2,

rated output voltage Vo rer = 40 'V, rated load power P, = 75

(86)
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Fig. 19.  Stability boundaries for designing the control parameter A;.

W, rated inductor current Iyt = P,/ Vo rer = 1.875 A, pro-
portional coefficient K, = 0.1, output filter capacitor C, =
470 p F, and the rated dc bus voltage v: = 50 V. Substituting
these values into the design constraint (86), the parameter sta-
bility region of A; can be extend to A; > —204.47. This result
considers the actual dynamics of the load converter rather than
treating it as an ideal CPL.

It is important to note that the proportional coefficient Kr;,
of the load converter’s inner current loop is the key factor that
effects the stability boundary of A;. The stability boundaries
of A; under different K7p;, values, obtained using traditional
methods, improved methods, and simulations are illustrated in
Fig. 19. The traditional boundary treats CPLs as ideal, while
the improved boundary accounts for actual dynamics. The sim-
ulation results confirm that the improved stability boundary
aligns more closely with the actual performance, validating the
accuracy and effectiveness of this analysis.
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