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A Novel Passivity Model Predictive Control for
Predefined-Time Feedforward Compensation in
DC Microgrids Feeding Constant Power Loads

Zehua Zhang
Wei Wang

Abstract—The negative incremental impedance of constant
power loads (CPLs) adversely affects the stable operation of dc
microgrids. On the other hand, the power electronic converter
should exhibit excellent transient performance when dealing with
source-load side disturbances. Hence, this article proposes an adap-
tive passivity model predictive controller for dc/dc boost converter
feeding the CPLs of dc microgrids. First, the predefined-time non-
linear disturbance observer is designed to provide online estimation
of unknown and time-varying input voltage and load power. It
not only achieves free-setting upper bounds of convergence time,
but also reduces sensor needs. Then, combining passivity-based
and model predictive control, a composite control that adopts
the advantages of both and compensates for the weaknesses of
each is proposed. In addition, the proposed composite control loop
avoids the complexity of needing to obtain nominal parameters and
tuning of multiple-degree-of-freedom parameters, thus providing
relatively simple and practical control structure. On this basis, the
comprehensive system stability and controller parameter design
guidelines are investigated using eigenvalue analysis and discrete-
time model bifurcation diagram method. Finally, the simulation
and experimental results under multiple scenarios indicate that the
proposed control strategy exhibits excellent dynamic performance
and robustness with less prior knowledge of the system.

Index Terms—Adaptive passivity model predictive control
(APMPC), constant power loads (CPLs), dc/dc boost converter, dc
microgrid (MG), predefined-time nonlinear disturbance observer
(PTNDO).

1. INTRODUCTION

ECENTLY, microgrids (MGs) have received extensive
Rattention as small-scale power systems that effectively
integrate renewable energy sources (RESs), energy storage sys-
tems (ESSs), distributed generators (DGs), and modern power
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electronic loads [1]. Compared to ac MGs, dc MGs have rela-
tively simple control structure that avoids the problem of reactive
power flow, synchronization, and frequency [2]. In addition,
the dc/dc boost converter reduces redundant energy conversion
stages for most power sources and loads with dc nature [3].
Therefore, it is important to explore controllers that achieve fast
and stable bus voltage regulation [4].

In dc MGs, the modern loads usually contain resistive loads
(RLs) and constant power loads (CPLs). The former are known
as passive components that contribute damping to the MGs sys-
tem. Conversely, the CPLs are tightly regulated power electronic
converter loads that consume constant power such that the input
side exhibits negative incremental impedance characteristics,
thus interacting with the source converter to reduce the system
damping Therefore, the highly penetrated CPLs pose a great
threat to the stable operation of dc MGs [5], [6].

To eliminate the instability of systems with CPLs, most stud-
ies have been performed based on small-signal analysis (SSA)
and large-signal analysis (LSA), respectively [7]. The control
strategies for SSA are mainly classified into two types: passive
damping methods that add passive components to the power
circuit [8] and active damping methods that modify the control
loop to reshape the system impedance [9]. However, the former
increases the weight and cost of the system, and the latter relies
on linearized small-signal models, which can only ensure system
stability within small ranges of the balance point.

Considering the nonlinear system of the converter and the
robustness of the system under large signal disturbances, many
advanced control techniques have been proposed to ensure the
global stability of the system, such as sliding mode control
(SMC) [10], passivity-based control (PBC) [11], backstepping
control (BSC) [12], model predictive control (MPC) [13], [14],
robust control [15], deep reinforcement learning (DRL) control
[16], data-driven control [17], etc. [18], [19]. In [20], an offline
explicit MPC method for solving a multiparametric nonlinear
programming problem by defining the solution library is pro-
posed, which despite reducing the computational burden, re-
quires sufficiently large memory to ensure robustness under CPL
disturbances. In [21], a virtual resistor-based fast robust control
strategy is proposed to stabilize the converter of the feeder
CPL. Despite the simplicity of the controller design process,
the resulting output voltage deviation is not negligible. In [22],
the advanced control strategy based on singular perturbation and
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TABLE I
COMPARISON OF OTHER METHODS AND THE PROPOSED CONTROLLER

Comparison type [14] [23] [26] [32] [33] Proposed control
Disturbance Power balance PI NDO Finite-time SMDO ~ Fixed-time SMDO PTNDO
compensation
Parameters to ki, ko, ¢, p, ki, ko, ks, ka, ks, ke, m, 7,
be adjusted A, A2 1>k, Ki Rits Raay i Ais lig, L, Loy i3 a1, 02, B, P, p, g, m, 1 Ry, oy &i
Design Theoretical analysis ~ Theoretical analysis  Trial and error and Trial and error and Trial and error and Theoretical analysis
guidelines and simulation testing and simulation testing empirical method  empirical method empirical method and simulation testing
Prior knowledge i1(2), vo(®), iol1), i1(2), vo(0), E(1), i1(2), vo(®), Lo, Co i(1), vo(?) i1(1), vo(?) i1(0), vo(1),
of system By ey, Chy P, Ly, Cy Eo, Pcpro, Ro Ey, Lo, Co Ry, Eo, Lo, Co Lo, Co
Synthen‘c Medium Medium Medium Complex More complex Simple
complexity
Current limitation None None None None None Yes
Critical power None None None None None Yes

of CPL

Synthetic complexity: Determined by combination of parameter tuning numbers, design guidelines and needed prior knowledge of system.

dynamic feedback linearization is proposed. However, the dif-
ferent forms of controllers under different types of loads reduce
the generality and practicality. In [23], a proportional-integral
based interconnection and damping assignment PBC is proposed
to solve the instability problem with CPL. However, when faced
with steady-state errors due to disturbances, feedback regulation
compensation leads to a slow dynamic response.

To improve the robustness of advanced control strategies, the
disturbance observer has received extensive attention as an ef-
fective tool for online estimation and feedforward compensation
of system uncertainties and disturbances, and can be designed
independently of the baseline controller. In [24], an adaptive
PBC strategy for estimating CPL power by adaptive extended
Kalman filtering (AEKF) is proposed. For BSC [25], PBC [26],
MPC [27], and backstepping SMC [28], the composite controller
based on nonlinear disturbance observer (NDO) is proposed,
where the baseline advanced control strategy ensures the large
signal stability of the system, and the NDO is designed to
improve the robustness of the controller through online estima-
tion and feed-forward compensation of disturbances. However,
the traditional observers only ensure that the estimation error
converges asymptotically in infinite time, which is not suitable
for sudden load variations in the DG MGs system. In order
to improve the speed of disturbance estimation, many distur-
bance observers with finite time convergence characteristics
have been proposed. In [29], an MPC based on higher-order
sliding mode observer is proposed to stabilize the feed CPL for
dc/dc buck converter. In [30], a composite robust quasi-sliding
mode controller based on second-order sliding mode disturbance
observer is proposed for a dc microgrid with a stabilized feeder
CPL. In [31], an optimal regulation controller combining robust
stabilization strategy and DRL is proposed. In [32], an adap-
tive control strategy based on self-updating gain mechanism is
proposed, and the fast regulation capability is achieved through
high-order sliding mode observer. However, the upper bound
on the finite convergence time for feedforward compensation
depends on the initial state of the system, thus limiting the
practical applications. In order to avoid the abovementioned
problems, Sarrafan et al. [33] proposed anovel fast BSC based on
fixed-time disturbance observer to stabilize dc MGs with CPL.

However, the complicated relationship between the imprecise
time-upper function and the control parameters makes it difficult
to realize the desired dynamic response performance [34].

An adaptive passivity model predictive control (APMPC)
based on predefined-time nonlinear disturbance observer (PT-
NDO) is proposed for dc—dc boost converter feeding CPL in dc
MGs, which aims to achieve excellent transient and steady-state
performances under wide-range operation with a more concise
and practical control structure. The proposed controller includes
predefined-time feedforward compensation loop and composite
control feedback loop. Notably, although the design process of
combining the two controllers appears to be complex, the final
control law is simple and practical (see discussion in Table I
for details). Moreover, the combination of controllers adopts
the advantages of both and compensates for their respective
weaknesses; the parallel virtual damping of PBC significantly
improves the ability of MPC to suppress CPL (see stability
analysis for details), while the MPC current loop without weight-
ing coefficients avoids the problems of steady-state deviations,
oscillations, and instability that may be caused by the series
virtual damping of PBC [24]. To fully reveal the parameter
design criteria and stability of proposed controllers, small-signal
and large-signal stability analyses are performed. Compared
with existing works, the contributions are as follows.

1) An adaptive controller that provides excellent robustness,
current limiting, and fast voltage regulation with two types
of control combining the advantages of both types to
compensate for their respective weaknesses is proposed.

2) According to the best knowledge of authors [24], [25],
[26], [27], [28], [29], [30], [31], [32], [33], the first ap-
plication of PTNDO for dc MGs is proposed. Compared
to previous observers converging in infinite, finite, and
fixed time, it not only significantly improves the robustness
of controller by predefined convergence within time, but
also needs only one control parameter independent of the
initial state to set an upper bound on the convergence time.
Moreover, it improves reliability and reduces system cost
compared to sensors obtaining signal.

3) Unlike the traditional PBC voltage loops proposed in
[26], which make strict assumptions on disturbances, the
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Fig. 1.

Typical DC microgrid structure and its equivalent circuit.

proposed PBC voltage loop avoids the use of nominal
parameters on the source-load side, improving the appli-
cability of the controller.

4) The MPC current loop without weighting coefficients
enables the proposed composite controller feedback loop
that only contains single degree-of-freedom parameters,
thus providing simple and practical control structure.

The rest of this article is organized as follows. Section II

describes the system model and control objectives. The design
flow of APMPC based on PTNDO feedforward compensation
is presented in Section III. Section IV analyzes the stability
of the proposed controller. Simulation and experimental results
are given in Sections V and VI, respectively. The conclusion is
presented in Section VIL

II. SYSTEM MODEL AND PROBLEM FORMULATION

The generic dc microgrid structure and its equivalent circuit
are shown in Fig. 1. The source bus is fed through RESs,
DGs, and ESSs, while the dc—dc boost converter is used to
increase the voltage for load bus energy. The RLs and CPLs
act as loads absorbing power from the load bus, while the
negative impedance characteristics of the CPLs are detrimental
to the system’s stability. Therefore, it is necessary to design
suitable controllers for the interface converters to achieve stable
operation of the dc microgrid.

A. DC Microgrid System Model Description

In this article, the discussed part can be simplified to a system
where the dc—dc boost converter feeds the parallel CPLs and
RLs. Without loss of generality, the state space model of the
dc—dc boost power converter can be expressed as follows:

LYL = B — (1-p)v,
Od(;)to — (1*H)iL*U§O*

L%L =6 —(1—p)v,
forrn Cle = (1—p)ip+2

i (1)
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Fig. 2. Dynamic response of DC-DC boost converter under open-loop oper-

ation when the CPL power rises from 0 to 600 W, where E = 100 V, L = 1 mH,
C =940 uF, R =160 Q, f =20 kHz, and p = 0.5.

where L, C, E, v,, i1, i, R, and P opy, are the inductance value,
output-side capacitance value, input voltage, output voltage,
inductor current, duty ratio of the switch, RL, and CPL power
of the boost converter, respectively. Moreover, §; = E and 2 =
—P, denote the state variables.

Considering that the converter parameters (L and C) do not
deviate during normal operation, conversely, the source-load
side parameters are susceptible to external disturbances caused
by variations in the operating conditions of the system, which
can result the system instability. Moreover, advanced control
theory is used to design the system controller and to guarantee
robustness by calculating, for instance, the ultimate bound by as-
suming a given value of uncertainty in the parameters. Therefore,
the model with external disturbances and uncertainties is derived
by [26]. However, the strict assumption of lumped disturbances
leads to the need for the nominal parameters (Ry, P cpro, and Ep)
to be obtained, thus limiting practicality of the model. To avoid
the abovementioned problems, this article directly estimates the
input voltage E and output power P, by designing the PTNDO,
which not only enhances the practicality of the controller while
the predefined time feedforward compensation characteristics
significantly improve robustness.

B. Problem Formulation and Control Objectives

Fig. 2 depicts the open-loop dynamic response of the boost
converter feeding the CPL and RL. When the CPL steps from O to
600 W, i.e., when the negative increasing impedance dominates
the system damping, the limit cycle oscillation with unstable
equilibrium point is generated. Meanwhile, the highly nonlinear
behavior of boost converters and CPLs enables the PI linear
control a tradeoff between steady-state margins and dynamic
performance [35]. Therefore, it is necessary to design advanced
controller with both of these characteristics.

Besides, the strong robustness of the advanced control is
another important concern. Although the existing observer tech-
nique ensures the controller’s difference-free regulation, the
convergence speed is important factor that affects the transient
performance of the whole system. In particular, dc microgrid
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Fig.3. Boost converter with proposed adaptive passivity MPC block diagram.

systems often face frequent perturbations on the source-load
side. Thus, it is necessary to design observers that estimate
the source-load side information of the dc microgrid system
such that the feedforward compensation signal converges within
predefined-time convergence regardless of the initial state, thus
significantly improving the robustness of the controller.

III. PROPOSED CONTROLLER DESIGN

In this section, the design procedure and the corresponding
stability analysis of the proposed controller are described, which
includes PTNDO, PBC voltage loop, and MPC current loop. The
detailed control block diagram is shown in Fig. 3.

A. Predefined-Time Nonlinear Disturbance Observer

Considering the practical physical characteristics of dc mi-
crogrids, the input voltage and output power terms and their
corresponding derivatives are bounded and satisfied.

i=1,2 2)

sup [|6;|| < o1,
t>0 t>0

where 01 and o9 are positive constants.

To take the output power in model (1) as a disturbance
form and satisfy Brunovsky’s standard form, the coordinate
transformation is performed by the exact feedback linearization
technique, the new model can be expressed as follows:

x1 = 0.5Li% +0.5Cv?, X1 = Bip —P,=x2+62  (3)
N~
Y1
X1 = FEoir —P, + AEi;, (4)
N———

P2

x1 = 0.5Li% + 0.5Cv?,

where E( is the nominal input voltage. vy and 5 denote
the form of disturbance under different modeling, respectively.
According to (3) and (4), when the sensor is used to measure the
input voltage E in real time, the disturbance form obtained after

coordinate transformation is ¢y = —P, = §5; when the nominal
value of input voltage E is used, the disturbance form obtained
after coordinate transformation is 1o = —P,+AEi;,#05, and

the accurate estimation of the output power cannot be achieved.
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Remark 1: Although the input voltage signal can be real-
time measured in control strategy designed based on coordinate
transformation, this article designs another PTNDO to estimate
and feed-forward compensate input voltage, which can avoid
coupling of output power with input voltage disturbance term
while without source-side sensor, and can significantly improve
robustness of the controller in face of source-side disturbances.

Similarly, the input voltage in model (1) is considered as a dis-
turbance form and transformed to satisfy Brunovsky’s standard
form, which is expressed as follows:

xs=Lip, xs=-(1-pvo+E=xa+6 )
where Y3 and 4 denote state variables.

1) Design of PTNDO: In order to estimate ; in system (1)
at predefined time, a reference auxiliary variable is introduced

and expressed as follows:
$1= X4+ M21,21 = X3 — 1 (6)
where 1 is a known positive constant. Then, the PTNDO for
estimating the input voltage d; is designed as follows:
i =mh+4 (7)

where 4, is an estimate of the input voltage §;. To ensure that
the designed PTNDO satisfies Lyapunov stability, the function
Z1 1s selected as follows:

21 =+ BraZ1 + Baasigt ¢ (51) 4 Baasigt T (21)  (8)

where Z; = z; — 21 is the estimation error signal, 511 =

&
%ﬁ7ﬂ2,1 = (%)1 ElTulu”Bgl ( )1+2 5127:2?0/’0<£1
<1,Ty1 >0,a1 >0,0 >0and o’ = Varas. T,y denote freely
setting predefined-time coefficient, i.e., for any time constant ¢
> T, satisfying 2; = z; and 31 = 0.
Similarly, in order to estimate J5 in system (1), a reference
auxiliary variable is introduced and expressed as follows:

P2 = X2 + V222,22 = X1 — 2 )

where 9 is a known positive constant. Then, the PTNDO for
estimating the output power §s is designed as follows:

02 = Yaiz + 4o (10)
where 45 is an estimate of the input voltage d5. To ensure that
the designed PTNDO satisfies Lyapunov stability, the function
Zo 1s selected as follows:

2y = 39+ B12%2 + Poosigt 2 (F2) + Baesig' T2 (%) (11)
Bi2 =

52 &2
%g!ﬁaﬂzg = (%)1 2%,1(1;0/,532 = (*)H_2 gzzTaojaHT°2>
0. T,2 denote freely setting predefined-time coefficient, i.e., for
any time constant # > T, satisfying Zo = 25 and 52 = 0.

It is worth noting that since the construction of the PTNDO
for output power estimation involves input voltage information
01. Hence, the selection range of T, should be (0, T,2).

Remark 2: Compared to the existing control strategies that
require real-time measurement of input voltage [11] and output
current [14], the proposed PTNDO decreases input and output

where Zs = 29 — Z5 is the estimation error signal,
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side sensors through online estimation of the abovementioned
variables, thus reducing the system cost and size.

Remark 3: Since the estimated output power and input volt-
age signals are compensated through the feedforward channel,
so the convergence rate of the observer is a major factor af-
fecting the robustness of the whole controller. However, the
existing observer techniques [24], [25], [26], [27], [28], [29],
[30], [31], [32], [33] are only able to converge in asymptotic
time, finite time limited by the initial state, and imprecise fixed
time with difficult parameter tuning. Thus, in order to improve
the convergence speed and freely setting the upper bound of the
convergence time, the PTNDO for dc microgrids is designed.
Moreover, the coefficients a1, g, and v, which indirectly affect
the convergence time, are set to 1 to further reduce the difficulty
of parameter tuning.

2) Stability Analysis of PTNDO: The stability analysis and
convergence characteristics of the designed PTNDO within pre-
defined time are analyzed as follows. First, a continuous positive
definite Lyapunov function is constructed as follows:

V(2) =0.52% (12)

Combining (6)—(11), the time derivative of (12) about the error

trajectory can be expressed as follows:

V(2) = - (—f1Z — Bosig! % (2) — Basig' T4 (2))

= -2 (2a'V(m)+a1Vlg(m)—i—agVHg(x)) /fToa/-
(13)

According to Lemma 1, the mismatch degree of the state
variable signal z is eliminated in predefined time and the upper
bound on the convergence time can be achieved by free setting
of the coefficients T,. Moreover, the estimation variable 5 error
can be expressed as follows:

§=80—-0=0—~2—3=n3. (14)

According to (14), when the predefined convergence within
time of (13) is proved, the estimated variable signal error § can
also converge to zero within the predefined time.

B. Adaptive PBC Voltage Loop

In this section, the desired objective is to propose an adaptive
PBC voltage loop that achieves global equilibrium point stabi-
lization (v, - v,¢y = 0) with system disturbances and without
nominal parameters.

From Fig. 2, it can be seen that increasing RLs improves the
system damping, but dissipates additional energy. Therefore,
to avoid increasing energy loss and system cost, the passivity
control theory (PBC) is applied to inject the parallel virtual
impedance R, to reshape the system energy and ensure that the
system is strictly passive during the voltage loop design stage.

In order to facilitate the controller design, the state space
model is rewritten in the following matrix form:

HX +[G+ R(2)] X =T (15)
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_ 0 (-p _ (Y 0
“= (—(1—u) 0 )’R(x) (0 (zlﬁpi?))'
(16)

It is obvious that G = —G" and R = R", thus (15) satisfies
the characteristics of the Euler—Lagrange model which provides
a model basis for the design of the PBC. Therefore, the design
of the PBC voltage loop follows two stages.

1) Energy Shaping Stage: By adopting X = X + X4 to
transform can reshape (15) as follows:

HX +[G+R(n)X =T — (HXd +[G+ R(xd)}Xd)
(17)

where X4 and X denote the reference and disturbance values of
X, respectively.

2) Damping Injection Stage: This stage modifies the system
dissipation function with injecting the virtual damping matrix
Ry X at both ends of (17) as follows:

HX +[G+R,JX=T— (HXa
G+ R(24)| X q — RVX) (18)
where

0 0 0 0
e 0 2o 3 5 )

T34

0 0
Rp:R(J)m)—‘rRV: (0 (Rl‘i’Il%PCPL)> . (19)
vV

T2:T2d

To ensure that the system with injected virtual damping
matrix satisfies Lyapunov stability, thus exists globally stable
equilibrium point ( X = 0) of the system. The energy function
of the system is selected as follows:

W =05X HX. (20)

Then, the derivative of the energy function (20) with respect
to time can be expressed as follows:

W=X"HX
-x" (r - (HXd +[G + R(z4)]| X q — RVX)
G+ R,,]X)
- x7 (r _ (HXd +[G+ R(z4)]| X a — RVX>)
- X"R,X. Q1)

To make W(X) globally stable convergence, it should be
ensured that the virtual damping parameter Ry is selected to
make each element of the matrix Rp positive, and the control
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law of the PBC voltage loop is designed as follows:

r— (HXd +[G+ R(2q)| X q — RVX) —0. (2

From (22), it is clear that there exists Z24 = VUrey = 0 during
the voltage regulation of PBC, thus the @14 = i1,y can be
written as follows:

vgef Pecpr  Uref
RFE E RvE

Although the PBC voltage loop control law obtained by (23)
can operate through multiple nominal parameters, the time-
varying source-load parameters cause steady-state deviation of
control objectives. Therefore, substituting the estimates from (7)
and (10) into (23) can be written as follows:

7:L,'ref = (Uo - U'ref)- (23)

572 _ Uref(vo - Uref)

By applying current limiting links after current references can
suppress peak currents during start-up and disturbances, thus
reducing the current stress of the device.

Remark 4: Compared to the adaptive PBC proposed in [24]
and [26], this article proposes an adaptive PBC voltage loop
without prerequisites such as input voltage Ejy, RL Ry, and
CPL power P opro. Moreover, with feedforward compensation
in predefined time of PTNDQO, its robustness is significantly
superior to NDO and AEKF, which only provide asymptotic
convergence characteristics.

Z.L,ref = . (24)

C. Adaptive MPC Current Loop

To avoid the problems of high computational burden and poor
robustness of the multistep prediction cycle of MPC, the single-
step MPC with adaptive capability is proposed. Notably, the
current reference value obtained from the PBC voltage loop is
compensated, thus there is no steady-state error problem.

According to model (1), combined with duty cycle ;n = 1 or
0 in Fig. 4, the slope of the current can be calculated as follows:

hy = hy = E(k)/L
{hz — (E(k) - vo(k))/L" )

As shown in Fig. 4, based on the inductor current i,(k) at the
current sampling time, the predicted value of inductor current
ir,(k+1) at the next time can be expressed as follows:

ZL(k + 1) = ZL(]{?) + 0.5uhTs + (1 - ,u)hgTS + 0.5uh3Ts

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 4, APRIL 2025

=i (k) + ER T, 4 BB - T (26)

where T's is the switching cycle.

The cost function constructed based on the predicted current
of a single cycle and reference current can be expressed as
follows:

J = (iL,ref - ZL(k + 1))2

To obtain optimal variables, (27) partial derivation of p yields

27)

%i = 72%[(1]6)71q : (iL,Tef - 7L(k’) - @Ts
1—p)v,(k
e ) — o, 28)
Then, the duty cycle x can be derived as follows:
n= ((Uo - E)Ts + (iL,ref - Z.L)L)/UoTv (29)

To achieve an adaptive current loop and to reduce the use of
sensors, substituting the estimated value of (7) into (29) yields

Hn= ((UO - gl)Ts + (iL,ref - Z.L)L)/UOTS.

Remark 5: The proposed composite controller composed of
PBC voltage loop (24) and MPC current loop (30) only contains
one degree-of-freedom (Rv ), and provides relatively simple and
practical control structure with the assistance of the PTNDO.

(30)

D. Comparative Discussion

To intuitively compare the proposed controller with existing
controllers, the differences between the control methods are
shown in Table I. First, the synergy complexity is determined
based on the parameters to be adjusted (number and coupling),
the completeness of controller design guidelines, and required
prior knowledge of the system (number of sensors and nominal
parameters). Second, the form of disturbance compensation
and the convergence characteristics of disturbance observers
are different. In addition, the double-loop structure for voltage
and current divides regulation targets, avoids possible stability
problems of the single-loop structure, and easily handles the
current limitations. Notably, the controller proposed in [14] is
only suitable for RLs and is not applicable to CPL.

IV. STABILITY ANALYSIS

This section is divided into three parts. The first part adopts
the eigenvalues of the Jacobian matrix for small-signal stability
analysis and explores controller performance through different
important parameter variations. In the second part, the system
discrete-time model is established and then solved iteratively
with consideration of controller time delay to judge the large-
signal stability of system through bifurcation diagram obtained.
The third part gives the parameter tuning guidelines for the
proposed controller.

A. Eigenvalue-Based Small-Signal Stability Analysis

In order to ensure that the proposed controller operates sta-
bly according to the desired performance, it is necessary to
analyze the stability and provide parameter design guidelines
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through eigenvalue traces. However, due to the strong nonlinear
characteristics of controller, it is difficult to deduce the closed-
loop transfer function by introducing small-signal disturbances.
Thus, to avoid complicated solution process, this article adopts
the eigenvalues of the Jacobian matrix to evaluate the stability
and parameter sensitivity at the operating point of the system,
which gives the design guidelines for the controller parameters.

Notably, following the PTNDO response there exists 61 =01,
52 = J2. Moreover, the new error state variables wi = v,-Vyef,
wo =i~ i1, ref are defined. Thus, the closed-loop system model
of the proposed controller can be rewritten as follows:

o _ 1 (1, 1 _ _ Pcpp d-p)
w1 = C (R + Ry leref+v,%ef> w1 + o] w
S “Uref (1 1 Pcpr

W2 = CRVE (R +=x wlvrefﬂgef) w1 . (3D

Vrep(1=p) 1
*‘( CRvE ~ T.)%?

Before conducting the eigenvalue stability analysis, the sys-
tem model should be linearized at the equilibrium point, thus
(31) the function flwy, wo) can be defined, and the Taylor
polynomial of the flw;, w2) at (w], w3) can be expressed as
follows:

f(wlaWQ) = f(w’{’WS) + Rn(w) +

+ (CLJQ - w;)f/UJQ

(wl - wi)f,wl

(Wi, wp)

(Wi, ws)
(32)

where R,(w) is higher-order infinitesimal expanding term of

(w—w?"). By ignoring the higher-order terms R,,(w) of the studied

system, the function near the steady state can be expressed as
follows:

flwr,we) =

—wifu, (W, W)

(33)

flwi,ws) —wif'y, (Wi,ws)
+ wlf,wl (wTaws) + WQfILU2 (WLUJS)'

Substituting (31) into (33), the Jacobian matrix J,, can be
denoted as follows:

Ofi(wi,wz)  Ofi(wi,wa)
o Jmll Jm12 o Owq Owa
I = = (34)
Jmo1 JImo2 Of2(wi,w2)  Ofe(wi,wa)
Bwl ng
where J,,,11-Jm22 are deduced as follows:
Poprvrefwi
J :fl(l+L, Pcpr *>7 1
mit R UpeptUreswi C(vFeptvreswi)®
Op | ws + ETs+wi L vrey
T Ow,  C CTs(wij+vrer) RvE
I = BTtwsl o wy
ml2 = CTs(wi+vrey) = Dws C
_ _ _Uref 1 1 Pcpr
Jm21 - CRvE (R + R\/ ”3ef+’”"'6f""§)
. Pchvfﬁfw{
C'RVE‘('ufefJrvmfw*i)2
8/1, L UrefWs _|_ (ETs+w;L)UTef _ 1) Yrer
awl CRvE CRvETS(W§+UTCf) Ty RyvE
J _ (BETs+wsL)vrey 1\ _ Op  VrefWs
m22 = \ CRyET; (Wi +Vrer) T, dws; CRvE
(35)

where the derivatives of the state variables w; and ws with
respect to the optimal control variable duty cycle p can be
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Fig. 5. Eigenvalues traces of closed-loop systems under important parameter
variations. (a) Ry variation from 0.01 to 1.5. (b) C variation from 200 to 1500
uF. (¢) Pcpy, variation from 0 to 1000 W at Ry 0.2 and 1.0, respectively. (d) R
variation from 200 to 40 €2 at Ry 0.2 and 1.0, respectively.

derived from (30) as follows:

Ou _ (BTe+wy L)Ts—(vres LTs (Wi +vres)/RvE)

Owy Wi Hvres)Ts)?
Lul o [(Witvres)Ts] (36)
Owz — (Wi +vres)Ts

In order to ensure the accuracy of the studied model, the
expansion points wj and w3 should be zero. The parameters
of the Jacobian matrix can be obtained as follows:

I = Jm11 Imi2
m =
Jm21 Jm22
Pecpr, 1 E
V2 CR Cv
= ref ref
Popr _6 Uref  Uref 11 37)
CRvE’L)TE_f CR\/ER RV,TSE CRV /TS

By analyzing the position of the eigenvalues of the Jacobian
matrix in the s-plane, the small-signal stability and performance
indicators of the system can be evaluated.

Fig. 5(a)—(d) depict the eigenvalue trajectories of the system
as the parameters Ry, C, P cpr, and R are variation, respectively.
To ensure the accuracy of the model, the control variable method
is used in this article, i.e., the parameters are consistent with
Table II except for the parameters under study.

From Fig. 5(a), when the virtual damping Ry increases from
0.01 to 0.06, the dominant eigenvalue is always located in the
right half-axis of plane with system unstable. As Ry increases,
the eigenvalue moves across and away from imaginary axis
closer to the real axis, which indicates that the system is stable
and the damping ratio increases, and the amount of overshoot
and oscillation decreases. However, when Ry exceeds certain
range, the dominant eigenvalue moves closer to imaginary axis,
which leads to decrease in the convergence speed of the system.

From Fig. 5(b), the dominant eigenvalue is gradually close to
the real axis as the capacitance C increases, which indicates the
decrease of the system oscillation and overshoot. However, when
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TABLE II
SYSTEM PARAMETERS CONFIGURATION

Description Variables Values
Converter input voltage E 100 V
Desired output bus voltage Vref 200 V
Converter inductance value L 1 mH
Converter capacitance value c 940 pF
Switching frequency Sow 20 kHz
PBC virtual damping gain Ry 1
MPC projective period Ts 1/ fo
Gains for PTNDO #1 (i =1, 2) Toi 0.01, 0.02
Gains for PTNDO #2 (i =1, 2) & 0.8
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nTy|  nl, nl nls  nle+ ' (DT
T, w21, kL. (KD z ‘

the capacitance C continues to increase, the dominant eigen-
values gradually approach the imaginary axis, which gradually
reduces the convergence speed of the system.

From Fig. 5(c) and (d), as the load power increases, the
dominant eigenvalue for CPL variation gradually moves closer
to the imaginary axis, while the dominant eigenvalue for RL
variation gradually moves away from the imaginary axis, but
all poles are located in left half-plane, which indicates that the
proposed controller ensures the system stability.

Based on the abovementioned analysis, the following is sum-
marized.

Conclusionsl: The selection of the virtual damping for the
single-degree-of-freedom parameter of the proposed controller
is critical for the system stability and transient performance, an
appropriate Ry is helpful for fast convergence and no overshoots
of the system.

Conclusions2: The wide range of capacitance values ensures
the stability of the proposed controller, but the selection of
parameters affects the transient performance of the system.

Conclusions3: Although CPL is detrimental to the stability of
the system, the system can maintain stable operation after using
the proposed controller and designing the parameters according
to conclusions 1.

B. Bifurcation-Based Large Signal Stability Analysis

Although the stability of the proposed controller is verified in
Section IV-A, it is only applicable to system parameter analysis
and stability estimation under small-signal disturbances, and is
not fully satisfied in dc MGs with large-signal disturbances. In
addition, the estimation of the maximum power point of the CPL
is difficult with the large-signal stability analysis method based
on the Lyapunov function. Therefore, in order to perform large-
signal stability analysis without linearization of the system,
we construct discrete-time system model including switching
effects to characterize the nonlinearity of MGs while reducing
the model deviation at high cut-off frequencies [36], [37].

In this section, in order to obtain the next moment state
variables without linearization, we discretize the PWM period
through sufficiently small step size to derive discrete-time sys-
tem model considering switching effect, as shown in Fig. 6.
Where T and T, are the PWM period and discretization period,

mT, ——>e T Pe—— n;’/;—»&]‘-ﬁ«— mT, ——»

¢ i

i

|

| i
>
>

nTy+(1-5)7T; (DT,

i |
T |
i | 1
i 1
i 1

T,
nT nT5+”T

b

Fig. 6. Iterative calculation of discrete-time model considering switching
effect. (a) Discretization process for PWM with period 7. (b) Calculation
process during discrete PWM period.

respectively. Compared to [38], which adopts the Euler method
with first-order accuracy, this article adopts the Runge—Kutta
method with fourth-order accuracy to satisfy the requirement
of high accuracy in the practical. The method achieves higher
accuracy in numerical solution by taking the slopes of several
points in interval and then weighting them as the average slope.
First, the state variables of discrete-time converter model are
defined as follows:
. T
Xt(k) = [ZL_t(k) ’Uo_t(k)} . (38)
When the drive signal is above the triangular carrier and does
not intersect, the next momentary state variable can be deduced
from the fourth-order Runge—Kutta as follows:

ip ¢(k+1) =ip (k) + Ze(Hyy + 2Hio + 2Hi3 + Hua)
Vo_t(k + 1) = vo_(k) + Te(Hoy + 2Hoo + 2Hog + Hou)

(39)
where
] =% (o] »=1)
o] = ([l 2o o] 1)
o] = ([l + 5 2] 1)
o R (ot R A ) B

When the drive signal is below the triangular carrier and does
not intersect, the next momentary state variable can be deduced
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Execute Case 3, calculate
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Initial conditions:
Input (), ir(n), vo(n),
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k=0 §
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Let i;(k)=i;(nt1) and
vo(k)=v,(nt1)

!

Final conditions:
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according to (24) and (30)

Execute Case 1, calculate
ir(k+1) and v, (k+1)
according to (39)

Execute Case 4, calculate
ir(k+1) and v, (k+1)
according to (41) and (39)

k=ktl =k,

Execute Case 2, calculate Execute Case I, calculate
i (k+1) and v,(k+1) i(k+1) and v(k+1) e End
according to (39) and (41) according to (39)
L | k=kt

Fig. 7. Calculation flowchart of the proposed controller and discrete-time
system model during a switching period.

from the fourth-order Runge—Kautta as follows:

ip 1(k+1)=1ir (k) + %(Ln +2L19 4+ 2013+ L14)
Vo_t(k + 1) = vo_t(k) + %(Lm +2Lo3 + 2La3 + Loy)

41
where
)= x (] o)
ol = ()] 5 [ w=0)
] =% (] 5 (22 o)
in] = (L] e [iz] o)

Based on the flowchart shown in Fig. 7, six processes are
defined as shown in the following.

Process 1: Lasts for ny T, within the PWM period T's, where n4
is integer component of (u7)/(2T.), defined as k; = n; . Execute
Case 1 to calculate the next moment state variable according to
(39) within each discrete step 7.

Process 2: Lasts for T, within the PWM period 7. Based on
Fig. 6, the driving signal exists both 1 and O during the time
step T.. Thus, the state variable at the next moment of Case
2 is calculated in two steps, the first is an iterative calculation
with duration (u7s/2)-k1 T, according to (39), and the next is
an iterative calculation with duration ko T.-(uT's/2) according to
41).

Process 3: Lasts for nyT, within the PWM period T's, where
ng is integer component of [(1-(u/2))Ts-(k2T.)]/T., defined as
ks = ko+ny. Execute Case 3 to calculate the next moment state
variable according to (41) within each discrete step 7.

Process 4: Similarly with Process 2. Thus, the state variable
at the next moment of Case 4 is calculated in two steps, the
first is an iterative calculation with duration (1-(u/2))Ts-k3T,
according to (41), and the next is an iterative calculation with
duration k4T -(1-(14/2))Ts according to (39).
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Fig. 8. Bifurcation diagram of inductor current i, with CPL variation. (a) Ry

= 0.5 without time delay. (b) Ry = 0.5 with time delay. (¢) Ry = 1.0 without
time delay. (d) Ry = 1.0 with time delay.

Process 5: Lasts for n3 T, within the PWM period T's, where ng
is integer component of (u75)/(2T.). Execute Case 1 to calculate
the next moment state variable according to (39) within each
discrete step 7.

Process 6: When the condition k = N, = T,/T, is satisfied,
the PWM period corresponding to discrete state variables and
the duty cycle signal obtained by the proposed controller from
(24) and (30) are updated.

Remark 6: Considering that in real power systems, the mea-
surement signal sensing of power circuits, analog signal con-
ditioning, and controller duty cycle computation take some
time, and thus may result in failure to update synchronously
with the PWM carrier. In order to explore the effect of the
abovementioned conditions on the stability of the system, we
modify the model by introducing time delays in the control
variables. For example, if the time delay is less than 7', as shown
in Fig. 6(a), the state variable corresponding to p(n) is X(n-1)
instead of X(n), remaining the process unchanged.

In order to explore the large-signal stability of the proposed
controller and the effectiveness of virtual damping to suppress
CPL oscillations, the CPL power that leads to system instability
is used as a bifurcation parameter. The initial RL is 160 €2, and
the detailed circuit parameters and controller parameters are
shown in Table II. When the CPL power varies, the inductor
current bifurcation diagram of the system converter is presented
in Fig. 8.

From Fig. 8(a) and (b), when the system is without time delay,
the bifurcation points of the virtual damping Ry = 0.5 occur at
Pcopr, = 4250 W. At this point, the inductor current i, starts to
oscillate with the increase of the CPL power, and this bifurcation
pointindicates the critical power of CPL. When the system exists
time delay resulting in the duty cycle signal update hysteresis,
the critical power decreases to 3670 W, which indicates that the
time delay is detrimental to the stability of the system.
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From Fig. 8(c) and (d), when the virtual damping Ry = 1.0,
the CPL critical power bifurcation point of the system increases
to 8970 and 8450 W without time delay and with time delay,
respectively, which validates the capability of the proposed
controller to effectively suppress CPL oscillations.

Conclusions4: In order to reduce the detrimental effect of the
proposed controller under time delay and CPL, the damping gain
Ry should be selected with some margin thus ensuring the large
signal stability of the system.

C. Controller Parameter Tuning Guidelines

Considering that the proposed control strategy consists of
the PTNDO for source-load side information estimation and
the passivity model predictive controller for voltage regulation.
Hence, small-signal stability analysis (eigenvalue method) and
large-signal stability analysis (Lyapunov and bifurcation dia-
gram method) will be synthesized to provide complete design
flow for the proposed controller, which maintains system stabil-
ity under highly permeable CPL and time delay conditions, while
achieving optimal transient performance. Notably, compared to
the advanced controllers that were tested through numerical sim-
ulations with manual empirical and trial-and-error methods, the
selection criteria for the parameters of the proposed controllers
are all based on theoretical results.

The parameter design guidelines are summarized as follows.

Stepl: Choose T, and ¢ are chosen based on the stability anal-
ysis of the Lyapunov function for PTNDO and the upper bound
on convergence time derived from (46) (see the Appendix).

Step2: To ensure large-signal stability of the controller used
for voltage regulation, the virtual damping Ry at the maximum
CPL power of system should be solved according to the bifur-
cation diagram method based on the discrete-time model of the
system in Section IV-B, while keeping some margins for the
detrimental effects caused from time delay.

Step3: Based on the stability of step2, to achieve transient
performance with minimized overshooting and satisfactory set-
tling time, The Ry should be further determined according to
eigenvalue traces based on the Jacobian matrix in Section IV-A.

Remark 7: The stability analysis methods proposed in
Section IV-A and IV-B are generalized solution ideas, that
can be adapted to existing advanced controllers, thus providing
effective assistance in parameter selection.

V. SIMULATION RESULTS

In this section, the dc microgrid shown in Fig. 1 is built in
PLECS and the proposed controller shown in Fig. 3 is simu-
lated and verified. The converter and controller parameters of
system are given in Table II. To verify the effectiveness and
superiority of the proposed control, not only the verification of
convergence characteristics within predefined time, controller
parameter sensitivity tests, and large-signal stability are per-
formed, but also adaptive back-stepping control (ABSC) [25],
adaptive passivity-based control (APBC) [26], and the proposed
APMPC for transient capability comparison. Notably, in order
to obtain relatively fair comparisons, we shall use the optimal
control parameters of [25] and [26].
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Fig. 9. Performance of the PTNDO when coefficient 7', is assigned different

values. (a) Dynamic response of error signal Z1. (b) Dynamic response of
the estimated output power P,. (¢) Dynamic response of error signal Z». (d)
Dynamic response of the estimated input voltage F.

A. Casel: Parameter Tuning and Verification of PTNDO

This case mainly studies the convergence performance within
predefined time of designing PTNDO based dc microgrid sys-
tem. The initial startup parameters of the system are input
voltage of 100 V and pure CPL 600 W. As can be seen from
Fig. 9(a)—(d), the correlation error signals, the output power
and the input voltage achieve exact convergence. Meanwhile,
the upper bound on the convergence time of PTNDO is always
satisfied within different coefficients T',, which is consistent with
the inference of Lemma 1. Although the smaller T, has a rapid
convergence speed, the unavoidable noise and overshooting
will cause the system performance to deteriorate. Therefore, a
tradeoff between dynamic response and ripple oscillations is
necessary. The final coefficients 7,,; = 0.01 and 7,2 = 0.02 are
determined, and the simulation results show that the proposed
PTNDO is able to achieve accurate estimation of state variables
in predefined time.

B. Case2: The Parameter Sensitivity Test for APMPC

In this section, the parameter designs and performance evalu-
ations will be performed by simulation comparison of sensitivity
analysis. Itis worth noting that the feedback loop of the proposed
controller contains only Ry, which greatly reduces the parameter
design difficulty. The initial operating conditions of the system
are 160 Q2 RL and 300 W CPL.

Fig. 10 presents the dynamic response of system for different
values of Ry (Ry = 0.05, 0.15, 0.5, 1.0, and 1.5) when the
CPL is varied from 300 to 600 W. It can be observed that the
system oscillates when the APMPC gain Ry is excessively small;
with the increase of gain Ry, the system remains stable and the
overshoot gradually decreases, but convergence time gradually
increases, indicating that the system damping increases, which
is consistent with the conclusion of the eigenvalue stability
analysis in Section IV-A. However, the measurement noise in
real power systems reduces the robustness of the controller, so
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Fig.11. Dynamic response of switching from open-loop operation to proposed
controller. (a) Output voltage. (b) Inductor current.

blindly pursuing fast dynamic response is not desirable. Hence,
based on the abovementioned simulation analysis, the trade-off
between convergence speed and smoothness of the voltage and
inductor current is considered, and the final gain Ry is selected
as 1.0.

C. Case3: Large Signal Stability Analysis Verification

This case investigates the capacity of the proposed controller
to stabilize the large-signal disturbance limit cycle oscillations
induced from the CPL and the maximum CPL power point,
respectively, thus validating the results of large-signal stability
analysis in Section I'V-B.

Fig. 11(a) and (b) present the simulated waveforms of the
system switching from open-loop startup to proposed controller
at 600 W CPL. We can observe that the system under limit
cycle oscillation when operating in open loop with fixed control
signal x = 0.5. At = 0.6 s switching to the proposed controller,
the injected virtual damping ensures the energy dissipation, the
limit cycle oscillations are restrained, and the inductor current
and output voltage are regulated to the equilibrium point within
5 ms. It is worth noting that if the current limiting link is set to
10 A, the inductor current is limited to 10 A at the switching
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Fig. 12.  Dynamic response of the system when Pcpy, is varied from 8500
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current.

moment until the system is stabilized. The results show that the
proposed controller has the ability to stabilize CPL large-signal
disturbances and inductor current overshoot limitation.

Fig. 12(b) and (c) present the simulated waveforms of system
with CPL power varying from 8500 to 9300 W in 200 W
increments. When Pcpr, varies from 8500 to 8900 W, the output
voltage and inductor current of the system are stable. When
Pcpr, varies from 9100 to 9300 W, the output voltage and
inductor current both oscillate and gradually increase with the
increase of Pcpr,, which is consistent with the conclusion of
large-signal stability analysis in Section IV-B.

D. Case4: Source-Load Side Step Disturbance Test

This case investigates the robustness of different controllers
when facing step disturbances on source-load side to verify the
superiority of the proposed controller. The simulation process is
divided into seven stages.

Stage 1: The initial operating conditions of the system are
100 V input voltage and 300 W pure CPL.

Stage 2: Extra 160 Q2 RL access to system at 0.04 s.

Stage 3: Extra 160 2 RL is removed at 0.08 s.

Stage 4: The CPL power rises from 300 to 800 W at 0.12 s.

Stage 5: The CPL power drops from 800 to 300 W at 0.16 s.

Stage 6. The input voltage drops from 100 to 125 V at 0.20 s.

Stage 7: The input voltage rises from 125 to 75 V at 0.24 s.

From (a) and (b) of Fig. 13, it can be observed that under
source-load side step disturbance, the maximum overshoot and
the recovery time of the proposed controller are 0.4 V and 2.5 ms,
respectively; the maximum overshoot and the recovery time of
the APBC proposed in [26] are 3.6 V and 32 ms, respectively;
and the maximum overshoot and the recovery time of the ABSC
proposed in [25] are 4.6 V and 30 ms, respectively. From
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Fig. 13.  Dynamic response of the system during step disturbance of source-

load side. (a) Output voltage. (b) Inductor current. (c) Estimated output power.
(d) Estimated input voltage. For all, APMPC (red line), APBC (blue line), and
ABSC (green line).
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Fig. 14.  Experimental platform.

Fig. 13(c) and (d), the designed PTNDO can accurately estimate
time-varying input voltage and load power. The simulation
results show that all three controllers can stabilize the CPL and
achieve accurate regulation, but the transient response of the
proposed controller possesses significant advantages, including
a smaller overshoot and faster recovery time. Moreover, the
inductive current limitation of 10 A during startup significantly
reduces the current stress of the device.

VI. EXPERIMENTAL RESULTS

In this section, an experimental prototype as shown in Fig. 14
is constructed in the laboratory to evaluate the effectiveness and
superiority of the proposed control algorithm. The device is
composed of dc power supply (ITECH IT-M3433 150 V/12 A),
an ac/dc electronic load (Chroma 63804 350 V/45 A/4500 W),
an oscilloscope (YOKOGAWA DLS850), a sampling circuit, a
dc/dc boost converter, and an RT-Box. The Chroma electronic
loads can be set up as resistive mode or CPL mode for different
types of loads. The circuit signals are measured with the LEM’s

PTNDO PTNDO
o] 72 [200W/div] | 2 [200W/div]
‘/ﬁmr——*dl 200W * | 16082 (250W)
| | 600W \ v S S IS 800 (500W)... .\
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100V 100V
t 75V
E [25V/div] 125V E[25V/div] | ¥ /
— — 100V 100V
/ A \ v I 75V 2
T [25V/div] 125V E 25V \ ¥ [
(© Time [20ms/div] () Time [20ms/div]
Fig. 15.  Experimental results of dynamic response for the proposed PTNDO.

(a) CPL step variation (200 W—600 W—200 W). (b) RL step variation (160
Q—80 2—160 £2). (c) Input voltage step variation (100 V—125 V—100 V).
(d) Input voltage step variation (100 V=75 V=100 V).

voltage transducer (LV 25-P) and the LEM’s current transducer
(HXN 10-P), respectively. The proposed control algorithm is
constructed in the PLECS of the host computer and generates
the RCP code of RT-BOX, which measures the voltage/current
signals through the analog-to-digital converter (ADC) of the
RT-BOX and executes the control algorithm to provide 20 kHz
PWM signals to dc/dc boost converter. The variation of the
source-load side operating conditions is achieved by a pro-
grammable dc power supply and an electronic load. In addition,
in order to reflect the actual control effect, the system parameters
in the experimental platform and the simulation research are kept
consistent.

In order to further present the superiority of the controller,
we increased the PI controller based on feedback signals in
experimental tests. To ensure fairness, the dual-loop parameters
were tuned according to design guidelines provided in [39], and
eventually selected as (kpy, ki, kpe, kic) = (0.375, 32.5, 0.05,
27.5).

A. Experimental Test of the Proposed PTNDO

In this section, the comparison study between the actual
and estimated values under the disturbance of source-load side
information is performed to assess the validity and accuracy of
the proposed PTNDO.

As can be seen from Fig. 15(a) and (b), when the load-side
disturbance occurs, whether the load type is CPL or RL, the
proposed PTNDO can quickly track this variation by output
power, and the observed value of the output power is consistent
with the actual value. As can be seen from Fig. 15(c) and (d),
when the source-side disturbance occurs, the proposed PTNDO
can quickly track this variation, and the observed value of the
input voltage agrees with the actual value. The experimental
results show that the proposed PTNDO can effectively online
observe the source-load side information.

B. Experimental Test of Load (RL and CPL) Changes

In this section, the comparative study is performed in order
to assess the robustness and stability of the proposed controllers
under multiple types of load disturbances.
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In the first case, the RL of the system varies from: 160
Q—80 Q2—160 Q. Fig. 16 depicts the comparative experimental
waveforms of the RL variation. As can be observed, the proposed
method can quickly stabilize the bus voltage with smaller voltage
overshoot (0.7 V) and shorter settling time (4 ms). However, by
employing APBC in [26], ABSC in [25], and PI control the
overshoot and settling time are increased to 1.5,2.3,5 V and 10,
17, 52 ms, respectively.

In the latter case, the CPL of the system varies from: 200 W—
600 W—200 W. Fig. 17 depicts the comparative experimental
waveforms of the CPL variation. As is observed, the proposed
method still exhibits desirable control performance while the
voltage overshootis 0.9 V and the settling time is 4 ms. However,
the voltage overshoot and the settling time of the other three
candidate controllers are increased to 2.3, 3.6, 8 V and 13,
20, 60 ms, respectively. The experimental results show that the
proposed controller is robust against load disturbances.

C. Experimental Test of Input Voltage Changes

In this section, the comparative study is performed in order
to assess the robustness and stability of the proposed controllers
under input voltage disturbances.

voltage step variation (100 V—75 V—100 V). (a) Proposed APMPC. (b) APBC
of [26]. (c) ABSC of [25]. (d) PI controller.

In the first case, the input voltage of the system varies from:
100 V—125 V—100 V. Fig. 18 depicts the comparative ex-
perimental waveforms of the input voltage variation. As can
be observed, the proposed method can quickly stabilize the
bus voltage with smaller voltage overshoot (0.4 V) and shorter
settling time (4 ms). However, by employing APBC in [26],
ABSCin[25], and conventional PI control, the voltage overshoot
and settling time are increased to 2.0, 2.5, 2.3 V and 20, 18,
24 ms, respectively.

In the latter case, the input voltage of the system varies
from: 100 V=75 V—100 V. Fig. 19 depicts the comparative
experimental waveforms of the input voltage variation. As is
observed, the proposed method still exhibits desirable control
performance while the voltage overshoot is 0.4 V and the settling
time is 4 ms. However, the voltage overshoot and the settling time
of the other three candidate controllers are increased to 1.9, 2.6,
2.5V and 18, 20, 32 ms, respectively. It is worth noting that the
three candidate controllers produce reverse overshoot of induc-
tor currents at the moment of disturbance, while the inductor
currents of the proposed controllers stabilize with a relatively
smooth state, which indicates that the proposed PTNDO can
effectively estimate and compensate the input voltage online in
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time. The experimental results show that the proposed controller
has excellent robustness against the input voltage disturbances.

D. Experimental Test of Output Voltage Reference Changes

In the experiment, the converter output voltage reference is
step changed from 200 to 210 V and 230 V, respectively. The
initial CPL power is fixed at 500 W. As can be seen from
Fig. 20(a) and (b), the output voltage of converter quickly tracks
the new reference value within 6 and 10 ms, respectively, without
any voltage overshoot. Moreover, the proposed controller can
limit the peak inductor current to the preset iy, max = 10 A. Since
the load side is the pure CPL, the steady-state inductor current is
unchanged while the output current is reduced correspondingly.
The experimental results show that the proposed controller has
good voltage regulation capability.

E. Experimental Test of Robustness to Parameter Uncertainty

Considering the practical application of power systems, the
quality of components varies and can cause parameter drift with
increasing operating time. Thus, to ensure the stable operation
of the system over wide operating conditions, the robustness of
the proposed controller to parameter uncertainty is investigated
in this section. First, the controller inductance and capacitance
values are set with deviations in RT-Box. Then, the robustness
of the proposed controller is verified under load disturbance.

From the experimental results in Fig. 21, under all parameter
drifts, the output voltage and inductor current of the system
exhibit the fast dynamic response and small overshoot with the
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TABLE III
EXPERIMENTAL PERFORMANCE METRICS COMPARISON RESULTS

Controller Test type Maximum deviation Settling time
APMPC 0.7V,09V 4 ms, 4 ms
APBC Case B 15V,23V 10 ms, 13 ms
ABSC load-side 23V,3.6V 17 ms, 20
disturbance T ms, 20 ms
PI 50V,8.0V 52 ms, 60 ms
APMPC 04V,04V 4 ms, 4 ms
APBC Case C 20V,19V 20ms, 18 ms
source-side
ABSC di 25V,2.6V 18 ms, 20 ms
isturbance
PI 23V,25V 24 ms, 32 ms
Performance Metrics
3
2.5
2
1.5
1 |
|
05 e a—
0 MAE RMSE
[ APMPC APBC ABSC [ Pp1
Fig. 22. Quantitative comparative analysis of controllers.

disturbance variations of the CPL. Therefore, under the pro-
posed controller, the uncertainties of inductance and capacitance
hardly affect system performance and show good robustness.

F. Experimental Performance Metrics Analysis

To evaluate the capability of the proposed controllers, an
analysis of the performance metrics is conducted. For fairer
comparisons, the parameters of the candidate controllers are
consistent with the comparison articles [25] and [26]. First,
the dynamic performance metrics (maximum overshoot and
settling time) of four controllers under different operating con-
ditions were compared, and the results are shown in Table III.
In addition, to quantitatively evaluate the performance metrics
of the controllers, the mean absolute error (MAE) and root-
mean-square-error are comparatively demonstrated through bar
charts, and the results are shown in Fig. 22. Combining the
abovementioned results, it is clear that the proposed controller
offers significant advantages.

VII. CONCLUSION

In this article, an APMPC was proposed to quickly stabilize
the dc—dc boost converter for feeding CPLs in dc microgrids.
The proposed control strategy mainly combines PBC, MPC,
and observer techniques. A PTNDO was first designed to pro-
vide accurate estimation of time-varying and unknown load
power and input voltage within predefined time. Next, based
on the estimated state variables, an adaptive controller that
combines two control strategies adopts the advantages of both,
and compensates for the weaknesses of each is proposed to
significantly improve the robustness and stability of the system.
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Then, the system stability is comprehensively analyzed through
small-signal and large-signal methods, and the parameter design
guidelines of the controller and the CPL critical point under time
delay are explored. Moreover, the proposed composite control
loop avoids the need for nominal parameters to be acquired and
the multiple degrees-of-freedom parameter tuning complexity,
and thus has a relatively simple and practical control structure.
To further assess the superiority of the proposed control over
other prevalent methods, the comparative of simulations and
experiments was performed.

APPENDIX

Lemma 1: Consider an autonomous nonlinear system
&= f(t,z),z(0) =z, f(0) =0,z € R™. (43)

Construct positive definite Lyapunov function V(x) satisfies

V(r) < -2 (Qa'V(x)—l—alVlg(x) + agVHg(x)) /fToO/
(44)

where 0 << 1,T, >0,a1 >0,as >0and o’ = \/ajas > 0.
Integrating the both sides of (44) yields

T(iv()) 0
[
0 V(zo)
T, 0/

— : : av.
2 (Qa’V(x) 4+ V72 (z)+a VT2 (x))

(45)

Then the equilibrium of the system (43) is stable within
predefined time, and the bounded settling time satisfies

ey <1 - (1 (1 EVE0))) e

(40)
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