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ABSTRACT This paper aims to present a robust passivity-based control (PBC) strategy to solve the
instability problem caused by the constant power loads (CPLs) in dc microgrid systems. This strategy
is designed to stabilize and regulate the dc-bus voltage of the dc microgrid and to eliminate the dc-bus
voltage deviations caused by the system disturbances such as load and input voltage variations. To this end,
the control robustness of the PBC strategy is improved by adding the nonlinear disturbance observer (NDO).
Whereas, the PBC is applied to damp the system oscillation caused by the CPLs and to ensure that each
parallel subsystem in dc microgrid is passive (stable). Based on estimation technique, the NDO works in
parallel with the PBC strategy to compensate the system disturbances through a feed-forward compensation
channels. Furthermore, the PBC strategy provides self-(I-V) droop characteristics, which able to eliminate
the voltage mismatch between the parallel converters and obtain equal current sharing between them. This
control strategy ensures large-signal stability, globally asymptotically stabilization and reacts extremely fast
against system disturbances as comparedwith other PBC strategies. TheMATLAB simulation and hardware-
in-loop (HIL) experimental results are presented to verify the control robustness of the proposed controller.

INDEX TERMS Constant power load (CPL), dc microgrid, dc-dc power converter, passivity-based
control (PBC), nonlinear disturbance observer (NDO), hardware-in-loop (HIL).

I. INTRODUCTION
With the development of the dc-distributed generation (DG)
systems based on the renewable resources and fast growing of
dc loads, the dc microgrids are becoming an effective alter-
native networks compared with the traditional ac-networks
[1]–[3]. Fig.1 shows a typical system structure of the
dc-microgrids with parallel source converters supplying par-
allel dc-loads through a common dc-bus. The dc-loads con-
tain the constant voltage load (CVL) and CPLs. The parallel
operation of dc-dc power converters in dc microgrid is nec-
essary to increase system reliability, flexibility, and reduces
the power stress on every single converter [4]. However,
the main reason that destabilizes the dc-bus voltage of the
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dc microgrid is the tightly regulated point of load (POL) con-
verters which behave as CPLs. This kind of loads have insta-
bility impact due its negative incremental impedance (NII).
This impedance reduces the damping of the system with
the loss-less energy dissipation across the source converters
output terminals [5], [6]. Therefore, the energy of source-
subsystems tends to oscillate internally between the inductor
and capacitor circuits of the source converters, creating a limit
cycle behavior [7]. This behavior increases the switching
stress on source converters and makes the dc-bus voltage be
unstable.

To solve the instability problem of the CPL, two linear and
nonlinear control methods have been introduced in literature.
The linear control method based small-signal model was pre-
sented by splitting the dc-network into two systems (source-
subsystem and load-subsystem). The oscillation caused by
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FIGURE 1. A typical structure of the dc microgrids.

the CPLs is damped by adjusting the minor-loop gain of
the dc-network (i.e the impedance ratio between source and
load-subsystems) [8]. The condition of stability is satisfied
if only if the Nyquist contour of the minor-loop gain does
not encircle various forbidden regions including (−1, 0) point
[9]–[12]. In this regard, two different liner control techniques
were implemented including; passive damping techniques by
adding real damping elements [13], [14], or active damp-
ing techniques through control action [15]–[18]. For either
techniques, the linear control method based impedance ratio
can only provide an accurate control performance in small
neighborhood to the equilibrium point. A typical control
dynamics away from this point cannot be obtained [4], [5].
Therefore, numerous nonlinear control strategies based large-
signal model are then introduced, such as sliding mode
control (SMC) [19], model predictive control (MPC) [20],
backstepping control [21], [22], synergetic control [23], and
passivity-based control (PBC) [7]. The global stabilization
condition of the dc microgrid can be achieved, as long as
each parallel subsystem complied by self-disciplined sta-
bility [24]. Therefore, unlike other nonlinear control strate-
gies, the PBC offers an effective theoretical tool to realize
the concept of the energy dissipation. Using Euler-Lagrange
equations, the passivity-based controller able to reshape the
energy dissipation of system virtually through damping resis-
tances injection, which lead to damp the system oscillation.
An important feature provided by the PBC is that, if a group of
passive subsystems are interconnected together through par-
allel or feedback connection, the resulted system is also pas-
sive (stable) [25], [26]. The intuitive reason is that, the energy
supplied to the interconnected system is dissipated sepa-
rately by each individual subsystem, as illustrated in Fig.2.
Therefore, the stability target can be easily localized to every
single converter, that facilitates the stability analysis for the
entire dc microgrid system [24]. The application of the PBC

FIGURE 2. Passivity of combined system, (a) passivity of
parallel-connected system, (b) passivity of feedback control system.

strategy in power electronic converters was originally pro-
posed by Ortega et al. [26], and followed by several scholars
[27]–[34]. In [28], [35], the PBC scheme is developed to
stabilize the CPLs in dc microgrids using a simple and effec-
tive liner proportional-derivative (PD) controller. However
the main drawback of this controller is that it cannot elimi-
nate the deviation (steady-state error) of the dc-bus voltage
caused by the system disturbances such as line and load
variations. To overcome this drawback, the complementary
proportional integral derivative (PID) controller based on
the parallel-damped PBC (PD-PBC) strategy is implemented
by adding the PID controller [29]. In [30], the passivity-
based integral control (PBIC) is also proposed to regulate the
output voltage of the dc-dc boost power converter feeding
resistive load. The addition of the integral gain is imple-
mented to ensure both; global stability and control robustness
against system uncertainties. Both previous control strategies
(PD-PBC and PBIC) [29], [30], were implemented to control
the dc-dc boost power converter supplying only a resistive
load. The PBC strategy based an interconnected and damp-
ing assignment (IDA-PBC) is then proposed to control the
DC-DC boost power converter feeding a CPL [31]. The
IDA-PBC strategy is modeled based on a port-connected
Hamiltonian system. The complementary proportional inte-
gral (PI) term is also added with the IDA-PBC to eliminated
the steady-state error caused by the CPL. Due to the addition
of the integral term to all previous PBC strategies, the steady-
state error is completely removed. However, other perfor-
mance issues emerged such as a high response overshoot,
limited recovery performance and long settling time. The tra-
ditional PBC strategies combined with integral gain control
such as PD-PBC, PBIC, and IDA-PBC [29]–[33], attenuate
the system disturbance through feedback regulation rather
than feedforward compensation control. Therefore, the con-
trol response of these strategies reacts in a relatively slow
way at start-up and during disturbances. By applying higher
integral gains, the control performance recovers faster, but the
price is the higher maximum overshoot and long settling time.
To avoid theweakness of previous PBC strategies, the NDO is
applied to improve the control robustness through the feedfor-
ward control system rather than traditional feedback control
with integral. The adaptive PBC using nonlinear disturbance
observer (NDO) is proposed for a single dc-dc buck power
converter feeding a CPL in dc microgrid systems [34], [36].
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The NDO is applied as an effective key tool that can observe
and estimate the disturbance of the system independently of
the baseline controller (i.e. PBC). This observer operates in
parallel with the PBC to compensate the disturbances of the
system through a feed-forward compensation channel online
with minimum information dynamics [37]–[40]. Recently the
NDO observer emerged as an effective tools for disturbance
rejection in many industrial applications including power
electronics and generators control [41], [42]. An important
feature offered by the NDO based feedforward compensation
control is that, it can reject the disturbance of the system
in faster way with extremely high recovery performance.
Moreover, by adding the NDO, the nominal performance of
the baseline controller can be easily recovered at the absence
of disturbances. However, the adaptive PBC controller that
presented in [36], is applied only for a single dc-dc source
power converter feeding a CPL.

In this paper, the concept of adaptive PBC using NDO [36]
has been extended for the dc-microgrid system level. There-
fore, this paper aims to achieve the following three targets:
(i) Stabilize and regulate the DC-bus voltage of the DC
microgrid using PBC strategy, (ii) By combining the NDO
to work in parallel with the PBC strategy, this paper also
aims to eliminate the steady-state error caused by the system
disturbances such as load and input voltage variations, and
(iii) Eliminate the voltage mismatch between the parallel
connected converters in DC microgrid using the self I-V
droop control property of the PBC strategy. The dc micr-
gogrid contains parallel-connected dc-dc buck power con-
verters feeding parallel-connected dc loads (CPL + CVL)
through a common dc- bus (see Fig.1). The NDO is applied
to improve control robustness of passivity-based controller
by increasing the degree of control freedom, which makes
the controller react very fast against system disturbances
(line and load variation). Whereas, the PBC provides globally
asymptotically stability for each individual source-subsystem
by dissipating the energy oscillation caused by the CPL.
In addition, this controller is presented to ensure both voltage
regulation and equal current sharing between the parallel
buck power converters locally without any communication.
To this end, many V-I and I-V droop control methods have
been introduced in literature [43]–[47]. The V-I droop reg-
ulates the dc-bus voltage depending on the output current
of the parallel connected converters [43]–[45], whereas I-V
droop controls the output current based on the dc-bus voltage
[46], [47]. As compared with V-I droop control, the I-V droop
control strategy provides faster dynamic response as well as
best current sharing performance during large changing in
the CPL [47]. The main feature provided by the PBC is that
it has self-(I-V) droop characteristic which able to reshape
the energy across output terminals of the parallel-connected
dc-dc power converter through additional of virtual resis-
tances. This virtual gain can eliminate the voltage mismatch
between the parallel-connected converters through the con-
trol of the reference currents and equal current sharing to the
CPL. All these features make the proposed control strategy

(PBC with NDO) to be a successful control strategy for the
application of DC microgrids systems. This control strategy
is a nonlinear controller, provides large signal stability and
ensures robust voltage control during system disturbance.
To verify the control performance of the proposed con-
troller, the MATLAB simulation results have been validated
by means of hardware-in-loop (HIL) experimental platform
using the OPAL-RT real-time simulator. The HIL platform
allows the interconnection between the MATLAB simulation
model (dc-dc buck power converters) and the real hardware
controller [digital signal processor (DSP)] through theOPAL-
RT real-time simulator. An important feature offered by the
HIL system is a fact that the simulation model can work
exactly in the same time scale as the real system would work.

The paper is organized as follows; Section II introduces
the design of the PBC for the parallel-connected dc-dc buck
power converters feeding a CPL. Section III presents the
NDO design and the I-V droop control. The MATLAB simu-
lation andHIL experiment results are presented in Section IV.
The conclusion is drawn in Section V.

II. PASSIVITY-BASED CONTROL DESIGN FOR THE
PARALLEL-CONNECTED DC-DC BUCK POWER
CONVERTERS FEEDING A CPL
A. RELATIONSHIP BETWEEN PASSIVITY AND STABILITY
IN DC MICROGRID SYSTEMS
The relationship between the passivity and the stability is
earlier introduced by Youla et al. [48]. He proved that a
passive network in closed-loop with a resistive element is
L2 stable. In [49], it also proved that, the non-passive sys-
tem can be transformed into passive system through pas-
sive feedback control system. The concept of the passivity
describes the natural physics of nonlinear systems containing
input (u ∈ Rn) and output (y ∈ Rm). The linear resistance-
inductance-capacitance (RLC) circuit is a simple example
to represent the passive system. The system is said to be
passive if the energy injected by the external source uT y is
always greater than the energy stored in the system Ṡ(z̃),
with difference being the dissipated energy ZTRi(z)Z . This
intuitively means that, part of energy is dissipated by the
system resistance and the rest of energy should have delivered
to the system storage (capacitor and inductor). The passive
system can be described by the following energy balance
equation

S (z(t))− S (z(0))︸ ︷︷ ︸
stored energy

+

∫ t

0
ZTRi(z)Zdt︸ ︷︷ ︸

dissipated energy

=

∫ t

0
uT (t)y(t)dt︸ ︷︷ ︸

supplied energy

(1)

A passive system is considered as stable system because
the energy dissipation function always driving the systems
state z(t) back towards the equilibrium point. In general,
the DC microgrids contain parallel source-subsystems sup-
plying other parallel load-subsystems through dc-dc power
converters, as illustrated in Fig.1. Every single converter has
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a local closed-loop feedback control system with various
control parameter and different circuit parameters (induc-
tors, capacitors, switches, and wires). This diversity add
more challenges to analyze the nonlinear stability for the
entire dc-microgrid, which may need a complicated dynam-
ical equations. As long as the goal of this work is to solve
the instability problem caused by CPLs, the stability anal-
ysis based on the passivity property can be easily obtained
individually for each subsystem. This can be achieved by
reshaping the energy of each subsystem to be strictly passive
using passivity-based feedback controller (PBC). An impor-
tant feature provided by the PBC is that, if two group of
passive subsystems are interconnected together through par-
allel or feedback connection, the resulted system is also pas-
sive (stable) (see Fig.2) [24]. This is implies that, the energy
supplied by each source-subsystems would have dissipated
by the other load subsystem. In this sense, the overall energy
balance of the dc-microgrid is always positive.

FIGURE 3. DC microgrid structure with dc-dc buck power converters
feeding a CPL and CVL.

B. PROBLEM FORMULATION AND
EQUATIONS MODELING
Fig.3 depicts the electrical circuit diagram of the DC micro-
grid contain parallel dc-dc buck power converters feeding
parallel dc loads [purely resistive (R) load and CPL]. The
parameters of the dc-dc buck power converters are denoted
as follows; (E1, E2), (L1, L2) and (C1, C2) represent the
input voltages, the inductances, and the capacitances of the
parallel circuits respectively. Whereas (iL1, iL2), (vo) and
(µ1, µ2 ∈ [0, 1]) represent the inductor currents, the output
voltage and the duty ratios of the parallel system respectively.
The entire parallel system (source and load power converters)
are assumed to be working in continuous conduction mode
(CCM). The dynamic equations of the parallel combination
are written as:

i̇L1 =
E1
L1
µ1 −

vo
L1
,

i̇L2 =
E2
L2
µ2 −

vo
L2
,

v̇o =
iL1
Ceq
+

iL2
Ceq
−

vo
CeqR

−
P

Ceqvo
.

(2)

To address the instability problem of the dc microgrid
caused by the CPLs, all damping elements (i.e. parasitic com-
ponents and line resistances) have been neglected. The distur-
bances of the system caused by the line and load variation and
the uncertainty due to parameters variation are included to (2)
as follows:

i̇L1 =
E1o
L1o

µ1 −
vo
L1o
+ d1,

i̇L2 =
E2o
L2o

µ2 −
vo
L2o
+ d2,

v̇o =
iL1
Ceqo
+

iL2
Ceqo
−

vo
CeqoRo

−
Po

Ceqvo
+ d3.

(3)

where (d1, d2): represent the disturbances/uncertainties of
system due to input voltage changes as well as parameter
variations of the inductances (L1, L2).

d1 =
E1
L1
µ1 −

E1o
L1o

µ1 +
vo
L1o
−
vo
L1
. (4)

d2 =
E2
L2
µ2 −

E2o
L2o

µ2 +
vo
L2o
−
vo
L2
. (5)

and d3: is the disturbance/uncertainty of the parallel convert-
ers due to the load changes and capacitor variations.

d3 =
iL1
Ceq
−

iL1
Ceqo
+

iL2
Ceq
−

iL2
Ceqo

+
vo

CeqoRo
−

vo
CeqR

+
Po

Ceqovo
−

P
Ceqvo

. (6)

where (L1o,L2o) , (E1o,E2o) , Ceqo and Ro represent the
nominal values of (L1,L2) , (E1,E2) , Ceq and R respec-
tively. Defining:

Z =

 z1
z2
z3

 =
 iL1
iL2
vo

 , H =

 L1 0 0
0 L2 0
0 0 Ceq

 ,
0 =

E1
E2
0

 , G =

 0 0 1
0 0 1
−1 −1 0

 , and

R(z) =


0 0 0
0 0 0

0 0

(
1
R
+

P

z23

)
 .

For sake of simplicity, Equations (2) and (3) can be reformu-
lated in matrices form as follows:

HŻ + [G +R(z)]Z = µ0. (7)

HoŻ + [G +Ro(z)]Z = µ0o + d . (8)

where d = [ d1 d2 d3 ]
T is the disturbances vector of the

system and Ho, Ro(z) and µ0o: are the nominal matrices
of the H, R(z) and µ0 respectively. This paper aims to
achieve the following main goals; (i) stabilize and regulate
the dc-bus voltage feeding the CPL. (ii) eliminate the dc-bus
voltage deviations caused by the disturbances of the system
(i.e. input voltage and load variations). To this end,
the passivity-based control with nonlinear disturbance
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observer is applied to achieve the following asymptotically
stability condition;

lim
t−→∞

[Z − Zd ] =0, ∀ (z10≥0, z20≥0 and z30 > ε). (9)

where z10, z20 and z30: are the initial conditions of the system
states, Zd =

[
z1d z2d z3d

]T
=

[
IL1 IL2 Vo

]T : is the
vector of the desired equilibrium points, and ε is a small
positive value.

C. PASSIVITY-BASED CONTROL
Basically, the passivity property for any electrical circuit is
defined based on the balance between energy provided by
the electrical sources and the sum of the energy dissipated
plus the energy stored. Because the effect of the CPLs, the
dc-bus voltage of the dc microgrid exhibits a limit cycle
behavior. In fact, the NII of the CPL makes the system has
less energy dissipation to damp the transient energy provide
by the storage elements in the source converters circuits
(i.e. the inductors and the capacitors). This is may leads the
energy oscillation between the circuits of the inductors and
capacitors. This problem was solved by adding real damping
elements [13], [14]. However, this solution is energy consum-
ing, which is considered as costly solution. To solve this prob-
lem, the effective virtual damping resistances can be applied
by modifying the control action, which makes the parallel
circuits of the source converters as containing series virtual
resistances along the inductor circuits (R1d ,R2d ) and parallel
virtual resistances across the output capacitors circuits R3d
(see Fig. 4) [28], [36]. To reshape the energy of the system
virtually through the feedback control signals, the following
two stages have to be followed.

FIGURE 4. DC microgrid structure with adding the damping virtual
resistances. R1d and R2d .

1) ENERGY SHAPING STAGE
As any power electronic converter contains energy stored cir-
cuits; i.e. potential energy in the capacitor circuit and kinetic
energy in the inductor circuit. The energy shaping stage is
important to reshape the coordinates of the stored energy by
including the new deviation of both; potential and kinetic
energy to achieve a unique minimum in the new desired

equilibrium. Therefore, this stage is important to reshape the
coordinates of (7) by including the state variables deviation
(Z̃) from the set point (Zd ) as follows:

H ˙̃Z+[G+R(z)] Z̃=µ0 −
(
HŻd+[G +R (z)]Zd

)
(10)

2) DAMPING INJECTION STAGE
This stage is necessary to damp the energy oscillation of the
system virtually by injecting the damping resistance matrix.
This can be achieved by modifying the dissipation function
virtually using the closed-loop feedback control system. The
global stabilization can be achieved by reshaping the energy
of the system through the closed-loop feedback controller to
compensate the energy difference between the energy of the
system and the energy injected by the controller. Therefore,
the energy oscillation of the system can be damped virtually
by injecting the damping resistance matrix (Rd Z̃) to both
sides of (10):

H ˙̃Z + [G +Ri(z)] Z̃ = µ0
−
(
HŻd + [G +R (z)]Zd −Rd Z̃

)
(11)

where:

Ri(z) =


R1d 0 0
0 R2d 0

0 0

(
1
R3d
+

1
R
+

P

z23

)
 ,

Rd = Ri(z)−R(z) =


R1d 0 0
0 R2d 0

0 0
1
R3d

 .
(12)

This is for all (R1d , R2d , and R3d ) > 0
By injecting the virtual resistance matrix Rd which is

also concurs with Lyapunov sense, the condition of global
asymptotic stability can be guaranteed, as well as the tran-
sient energy of the system would be completely dissipated.
Therefore, the left-hand side of (11) approach to zero as time
going to infinity (Z̃ = 0) [18], [27].

H ˙̃Z + [G +Ri(z)] Z̃ = 0 (13)

To prove (13), let us examine the stability of the proposed
control strategy (PBC), by recalling the Lyapunov’s stability
criterion for the nonlinear systems [50]. Let z̃ = 0 the
equilibrium point of the (13) and D ⊂ Rm is the domain
containing the z̃ = 0. Let S : D → R be continuously
differential function that

S(0) = 0 and S(z̃) > 0 in D − {0} (14)

Ṡ(z̃) ≤ 0 in D (15)

Then, the equilibrium point z̃ = 0 is stable. Moreover, if

Ṡ(z̃) < 0 in D − {0} (16)

Then, equilibrium point z̃ = 0 is asymptotically stable.
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Motivated by Lyapunov function candidate and the posi-
tive definite matrix H, the total energy stored related to the
stabilization error, can be written as

S(z̃) =
1
2
Z̃THZ̃ > 0 (∀Z̃ 6= 0) (17)

The transient dynamic of stored energy (17) can be
written as:

Ṡ(z̃) = Z̃TH ˙̃Z (18)

Equation (13) can be reformulated in the following form

˙̃Z = −H−1 [G +Ri(z)] Z̃ (19)

By Substituting (19) into (18), the result is

Ṡ(z̃) = −
[
Z̃TGZ̃ + Z̃TRi(z)Z̃

]
(20)

Because G is a skew symmetric matrix
[
i.e. (G + GT = 0)

]
,

therefore the part Z̃TGZ̃ in (20) is equal zero. Finally,
the energy dynamics of S(z̃) along the solution of (13) can
be written as

Ṡ(z̃) = −Z̃TRi(z)Z̃ < 0 (21)

From (21) we can notice that, the rate of energy stored is
decreasing over the time which always considered as stable
behavior. The energy stored S(z̃) in the passive system place
exactly the same rule as the Lyapunov function in the system
without input. We can conclude that, the transient dynamic
of stored energy is asymptotically approach to zero indepen-
dently of the duty ratio µ [27], [36]. Thus, the right-hand side
of (11) is written as

µ0 −
(
HŻd + [G +R (z)]Zd −Rd Z̃

)
= 0. (22)

By dismantling the matrices of (22), the following equations
can be obtained
µ1 E1 − L1ż1d − z3d + R1d (z1 − z1d ) = 0,
µ2 E2 − L2ż2d − z3d + R2d (z2 − z2d ) = 0,

−Ceqż3d + z1d + z2d −
z3d
R
−

P
z3d
+

1
R3d

(z3 − z3d ) = 0

(23)

The energy shaping stage accomplished with the damping
injection stage reinforce the energy of the entire system to
be strictly passive (stable). For this reason the PBC strategy
is able to regulate and damp the energy oscillation of the
DC-bus voltage caused by the CPLs. Equation (23) pro-
vides the sufficient and necessary information to describe
the dynamic characteristics of the PBC strategy. It can be
seen, that three dynamic equations are available to solve,
however four degrees of freedom should be determined
(z1d , z2d , z3d , and µ). The control goal of the dc-bus voltage
can easily be handled when the transient dynamics of the state
variables (ż1d , ż2d , ż3d ) are vanished. Therefore, the follow-
ing condition must be satisfied

[ z1d z2d z3d ]
T︸ ︷︷ ︸

Auxiliary states

Converge to
−→ [ IL1 IL2 Vo ]

T︸ ︷︷ ︸
Equilibrium points

Finally, (23) can be reformulated as follows

µ1 =
1
E1

[Vo + R1d (IL1 − iL1)] . (24)

µ2 =
1
E2

[Vo + R2d (IL2 − iL2)] . (25)

IL1 = IL2 =
1
2

[
Vo
R
+

P
Vo
+

1
R3d

(Vo − vo)
]
. (26)

The control objective of the PBC strategy is obtained by
(24), (25) and (26) as shown in Fig. 5. The equalization condi-
tion of the output current would be satisfied when references
of the inductor currents are be equal (IL1 = IL2). The control
signals (µ1, µ2) are synthesized based on the inductor current
feedback (the inner-loop control). Whereas the references of
the inductor currents (IL1, IL2) are adjusted using the input of
the outer-loop control (dc-bus voltage feedback). The PBC
strategy can easily damps the oscillation caused by the CPL
and regulates the dc-bus voltage properly. It can also ensures
equal current sharing condition for the non-identical dc-dc
power converters. Table 1 shows the non-identical parameters
of the parallel dc-dc buck power converters with the loads.
However, the main drawback of this control scheme is that it
cannot eliminate the steady-state error caused by the system
disturbances.

FIGURE 5. Duty ratios synthesizing of the PBC strategy based on the
outer and inner loop control.

TABLE 1. System parameters.

Fig. 6 shows the dc-bus voltage and indcutor currents
waveforms of the dc-dc source power converters feeding the
CPL and CVL. Initially the parallel converters are adjusted
to operate in open-loop control (fixed duty ratio), then
at t = 0.1 s, the PBC is applied. Because every source-
subsystem is complied by self-disciplined passivity, we can
see that the oscillation dynamics is suppressed and the dc-bus
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FIGURE 6. Dynamic response of the two parallel dc-dc buck power
converters working at three different operating modes; open-loop control
(fixed duty ratio), closed-loop control (PBC), and a sudden change
in a CPL.

voltage is accurately controlled at 750 V . However, when
the power of the CPL is changed from 14.44 to 21.66 kW
at t = 0.14 s, the PBC strategy is failed to eliminate the
steady-state error of the dc-bus voltage. This error is elim-
inated by adding integral term to (24) and (25), [29], [31].
However, it causes additional performance problems such as
high overshoot dynamics and long settling time. In [34], [36],
the NDO was applied not only to eliminate this error, but
also to improve the control robustness of the PBC during
system disturbances. However, it was only applied for a single
dc-dc buck power converter feeding a CPL+ CVL [36]. The
following section introduces the NDO for the parallel dc-dc
buck power converters feeding a CPL + CVL.

III. NONLINEAR DISTURBANCE OBSERVER DESIGN FOR
THE PARALLEL-CONNECTED CONVERTERS
A. NONLINEAR DISTURBANCE OBSERVER
The majority of the above mentioned PBC strategies
(PD-PBC, PBIC, and IDA-PBC) are used to reject the dis-
turbances of the system using the feedback control system
with integral gain rather than feedforward compensation con-
trol [29]–[32]. The disturbances rejection is generally take
place via integral gain based on the tracking error between
the desired value and the measured value. This may lead
to attenuate the disturbances of the system in a relatively
slow way. Thus, the previous PBC controllers cannot react
fast enough at the wide load and input voltage variations.
Therefore, the resulted regulation performance is slow with
limited recovery performance [32], [34], [36]. In control
systems, the feedforward compensation control is superiored
because it provides an effective disturbance compensation
tool that can achieve prompt disturbance attenuation. The
input states to the feedforward control can be obtained by
direct measurements, or it can be estimated using nonlinear

disturbance observer (NDO). The NDO can reject the distur-
bance of the system online with less information dynamics
and operates in parallel with the PBC strategy to estimate
and compensate the disturbances of the system through a
feedforward compensation channel. The estimated values of
the disturbances d̂ =

[
d̂1 d̂2 d̂3

]T
can be added to the PBC

equations (24), (25) and (26) to compensate the amount of the
steady-state error as follows:

µ1 =
1
E1

[
Vo + R1d (IL1 − iL1)− d̂1

]
,

µ2 =
1
E2

[
Vo + R2d (IL2 − iL2)− d̂2

]
,

IL1 = IL2 =
1
2

[
Vo
R
+

P
Vo
+

1
R3d

(Vo − vo)− d̂3

]
.

(27)

Equation (3) is a class of affine nonlinear equations, which
satisfies the following matrix form according to [38], [39].{

ż = f (z)+ g1(z)µ+ g2(z)d,
yo = h(z),

(28)

where

ż =

 ż1
ż2
ż3

 , f (z)=


−
z3
L1
−
z3
L2
z1
Ceq
+

z2
Ceq
−

z3
CeqR

−
P

Ceqz3



g1(z) =


E1
L1
E2
L2
0

 , g2(z) =

 1 0 0
0 1 0
0 0 1

 ,
yo is the output vector of the system and h(z) is the smooth
function matrix in terms of z. The disturbances in dc micro-
grids are a type of constant disturbances that have unknown
values, which can be estimated using the following basic
nonlinear disturbance observer [38], [39].

˙̂d = ` (z)
[
ż− f (z)− g1 (z) µ− g2(z)d̂

]
(29)

where `(z) = (dp(z)/dz) represents the nonlinear gain of
the observer and the p(z) is the nonlinear function to be
designed. The desired estimated magnitudes of the unknown
disturbances can be obtained by the following dynamic equa-
tions [36], [38], [40].{

ẏ = −`(z)g2(z)y− `(z) [g2(z)p(z)+ f (z)+ g1(z)µ]
d̂ = y+ p(z).

(30)

where y ∈ Rl is the internal state vector of the nonlinear
observer. The stability condition of the NDO can be ensured
when estimated disturbances d̂ converge to the real distur-
bances d of the system. Defining the disturbance error

er = d̂ − d (31)

The transient dynamic of the error can be written as

ėr =
˙̂d − ḋ (32)
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FIGURE 7. Block diagram representing the composite control strategy
(PBC with NDO) and the nonlinear plant.

By invoking (28) and (29) into (32), the error dynamic can be
written as

ėr = −`(z)g2(z)er (33)

According to the Lyapunov sense, the dynamic error in (33)
is asymptotically approach to zero pending on the the values
of observer gain `(z)

`(z) =

 λ1 0 0
0 λ2 0
0 0 λ3

 and thus p(z) =

 λ1iL1λ2iL2
λ3vo

 .
Finally, the dynamic equations of the estimated disturbances
(d̂1, d̂2 and d̂3) can be achieved by substituting the values of
f (z), `(z), g1(z), g2(z) and p(z) in (30), which yields ẏ1 = −λ1y1 + λ1

[
−
E1o
L1o

µ1 +
vo
L1o
− λ1iL1

]
d̂1 = y1 + λ1iL1.

(34)

 ẏ2 = −λ2y2 + λ2

[
−
E2o
L2o

µ2 +
vo
L2o
− λ2iL2

]
d̂2 = y2 + λ2iL2.

(35)

 ẏ3 = −λ3y3+λ3

[
−

iL
Ceqo
+

vo
CeqoRo

+
Po

Ceqovo
− λ3vo

]
d̂3 = y3 + λ3vo.

(36)

where iL = iL1 + iL2. Equations (34), (35) and (36) are
fully describe the dynamic behavior of the NDO. Using these
equations, the real disturbance (uncertainty) of the system can
be estimated and fed into the PBC closed-loop equation (27).
Fig. 7 shows a typical block diagram of the composite non-
linear plant (dc-dc buck power converters with CPL & CVL)
and the nonlinear control scheme ( PBC with NDO).

B. PASSIVITY-BASED I-V DROOP CONTROL
The unequal current sharing or circulating current problem
in DC microgrids is occurring due to the voltage mismatch
between the output of the parallel source converters. In [44],
it was proved that 1% mismatch between output voltages
is enough to lose the equal current sharing property and
circulate the currents between converters terminals. In the
design of the passivity-based controller (26), the reference
currents IL1, IL2 are controlled based on the measurement of
the dc-bus voltage vo, which concurs with I-V droop con-
trol [47]. Previously in (26), we assume that the reference
of dc-bus voltage and the reference voltage of the parallel
converters are equal Vo = Vo1 = Vo2; if not, Equation (26)
can be rewritten as

IL1 =
1
2

[
Vo1
R
+

P
Vo1
+

1
R3d

(V1o − vo)
]
,

IL2 =
1
2

[
Vo2
R
+

P
Vo2
+

1
R3d

(V2o − vo)
]
.

(37)

The I-V droop control able to eliminate the deviation in
the dc-bus voltage caused by the voltage mismatch between
the parallel converters as well as getting equal current
sharing [46], [47].

ILd1 =
1
R1
(Vo1 − vo) , ILd2 =

1
R2
(Vo2 − vo) . (38)

where ILd1, ILd2 are the reference currents derived from
the I-V droop characteristics. Fig. 8 depicts the I-V linear
droop characteristics to control the reference current IL1, IL2
according to the droop curve and measurement of the dc-bus
voltage. The currents derived by the droop control ILd1, ILd2
are injected to the PBC strategy (37) to compensate the ampli-
tude of voltage mismatch between the parallel converters.

IL1new=
1
2

[
Vo1
R
+

P
Vo1
+

1
(R3d + R1)

(V1o − vo)
]
,

IL2new=
1
2

[
Vo2
R
+

P
Vo2
+

1
(R3d + R2)

(V2o − vo)
]
.

(39)

The design of the PBC including I-V droop control should
consider the trade-off between fast response dynamic and
accurate current sharing. As future trend, the droop gains
(R1,R2) can be variable values to be adaptive according to
the magnitude of voltage mismatch between the converters.

IV. MATLAB SIMULATION AND HARDWARE-IN-LOOP
EXPERIMENTAL RESULTS
In this section the MATLAB simulation results of the pro-
posed controller (PBC with NDO) have been verified using
HIL experiment platform. The HIL is implemented via real
hardware digital signal processor (DSP) and real time sim-
ulator. Fig. 9 depicts the laboratories construction of HIL
simulation platform including the MATLAB simulation
system connected to the hardware DSP (TMS320F28035)
through the real-time simulator (OPAL-RT OP5600). The
signal received from OPAL-RT analog/output is converted
to digital signals through analog/digital converter (ADC).
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FIGURE 8. (a) Duty ratios synthesizing for the PBC strategy based on the
inner-loop, outer-loop, and droop-loop control, (b) I-V droop control
characteristics.

FIGURE 9. The HIL platform contains the MATLAB simulated model
(parallel dc-dc buck power converters) connected to the
TMS320F28035 C2000 microcontroller thorough the OPAL-RT real-time
simulator.

The C-code is generated via MATLAB Simulink generation
code with code composer studio software based on the digital
input signals vo, iL1 and iL2. The code outputs are the duty
cycles of parallel converters, which in turn become the inputs
for the enhanced pulsewidth modulator modules (PWM1 &
PWM2). The signals are then fed back to the MATLAB sim-
ulation system. The control gains of the closed-loop systems
are selected as; (a) The PBC gains R1d = R2d = 1 × 106

and R3d = 0.4, (b) The NDO gains λ1 = 100, λ2 = 40 and
λ3 = 1470. The PBC and the NDO gains have been adjusted
to ensure energy dissipation to the limit-cycle dynamics and
to guarantee the trajectory convergence to the desired equilib-
rium points. The idea behind the values selection of the PBC
gains (R1d ,R2d , R3d ) is that, the sufficiently large values of
virtual series resistances (R1d ,R2d ) with the inductor circuits
ensure high energy dissipation and better ripples suppression
for the inductor currents. Whereas, the small value of the
parallel virtual resistance (R3d ) with the capacitor circuits

guarantee the energy dissipation across the capacitor circuits
and lead to damp the ripples of the output voltage. Similarly,
the value of the NDO gains (λ1, λ2 and λ3) are selected to
ensure the estimated disturbances of the system are precisely
converging to the real disturbances. To this end, the tuning
of the NDO gains should consider the trade-off between
the convergence condition and fast response to the system
disturbances.

A. ROBUSTNESS VERIFICATION OF THE PROPOSED
CONTROL STRATEGY
To verify the robustness of the proposed controller, the
MATLAB simulation and HIL experimental results are car-
ried out for four types of disturbances.

FIGURE 10. Dynamic response of the two parallel dc-dc buck power
converters working at three different operating modes; open-loop control
(fixed duty ratio), closed-loop control (PBC + NDO), and a sudden change
in a CPL.

1) SYSTEM BEHAVIOR DURING CPL DISTURBANCE
In this section, the NDO is added to work in parallel with
the PBC closed-loop system. Similar to Fig. 6, Fig. 10
shows the dynamic waveforms of the dc-bus voltage and the
inductor currents. Because of the different circuit parameters,
the waveforms exhibits different limit cycle dynamics at
open-loop control. The proposed controller (PBC with NDO)
is then applied at t = 0.1 s, we can see that the dc-bus
voltage is accurately controlled at 750 V. At time t = 0.14 s,
the CPL is changed from 14.44 to 21.66 kW. At this time,
the NDO is triggered, and therefore, the steady-state error is
eliminated with extremely fast recovery performance. Fig. 11
shows the simulation results by means of real time simulator
and HIL experiment to verify the MATLAB results obtained
in Fig. 10. In OPAL-RTOP5600, themaximum andminimum
voltage operating limits are±16V. Because of this limitation,
the dc-bus voltage vo is scaled down. Therefore, the reference
voltage line at the scope is adopted at 720 V. Therefore,
the sum of the scope reading 30 V plus reference voltage
720 V resulted 750 V.
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FIGURE 11. HIL real time dynamics to validate the MATLAB simulation
results obtained in Fig. 10.

FIGURE 12. Dynamic performance of (a) the dc-bus voltage, (b) inductor
currents waveforms of the two parallel dc-dc buck power converters
subjected to a CPL changes, and (c) the real and estimated power using
the NDO.

The effectiveness of the NDO has also verified during the
CPL changes (see Fig. 12). It can be seen that, the proposed
control strategy provide a robust voltage control against CPL
variation and fast convergence performance between the esti-
mated and real power of the CPL (within millisecond range).
Fig. 13 depicts the HIL experimental results to verify the per-
formance of the MATLAB simulation results demonstrated
in Fig. 12. We can observe that, the proposed controller
provides a robust control dynamic against the CPL changes
and the convergence of estimated power to the real power is
relatively accurate. In this case, the reference line of scope
for the dc-bus voltage trace is adjusted at 740 V. Therefore,
the sum of the scope reading 10 V plus 740 V is equal 750 V.

FIGURE 13. Dynamic response traces using HIL real time simulator to
verify the MATLAB simulation results depicted in Fig. 12.

FIGURE 14. Dynamic response of the (a) real and estimated power of the
CPL, (b) dc-bus voltage during CPL changes with different values of the
control gain λ3.

Further verifications were also implemented to investigate
the control performance at different control gains. Fig. 14
shows the effect of the NDO gain λ3 on control performance.
It can be seen that, the convergence of the estimated power to
the real power is improved by increasing the control gain λ3.
Therefore, the control robustness of the dc-bus voltage vo is
also improved (see Fig. 14(b)). This implies that, the NDO
not only able to eliminate the steady-state error but also can
increase the degree of control freedom. The control perfor-
mance of the adaptive PBC strategy is also verified at differ-
ent control gains of R3d as shown in Fig. 15. We can notice
that, the decreases of R3d lead to a fast recovery performance.
We can conclude that, the robust control dynamic and fast
recovery performance can be achieved as long as the value of
λ3 increases and the value of the R3d decreases.
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FIGURE 15. Dynamic response of the dc-bus voltage during CPL changes
with different values of the control gain R3d .

FIGURE 16. Tracking performance of the dc-bus voltage to the reference
voltage with different values of the control gain R3d .

2) SYSTEM BEHAVIOR DURING REFERENCE
VOLTAGE DISTURBANCE
Fig. 16 shows the dynamic behavior of the dc-bus volt-
age tracking to the changes of the reference voltage Vref .
Initially, the reference voltage is fixed at 750 V. At time
t = 0.1 s the reference voltage is changed up to 850 V then is
returned down to 750 V. Various values of the control gain
R3d have been applied to clarify the tracking performance
of the proposed controller. It can be seen that, the dc-bus
voltage is precisely converged to the reference voltage with
fast dynamic performance. Similar dynamic performance is
achieved using the HIL simulation platform (see Fig. 17).
In this case, the reference line voltage of scope is taken at
740 V. Within a millisecond range the proposed controller
provides fast tracking response to the different set points.

3) SYSTEM BEHAVIOR DURING LINE DISTURBANCE
In this section, the control performance of the PBC with
NDO has been verified during line disturbances (i.e. input
voltage changes). Fig. 18 depicts the dynamic behavior of
the dc-bus voltage and the inductor current during input
voltages changes (E1,E2). Initially, the input voltages of both
converters are fixed at 1500 V. At t = 0.1 s, the input voltage
E1 is increased up to 1750 V, while the input voltage E2 is
increased up to 2000 V. It can be seen that, the regulating
performance of the dc-bus voltage not affected by the large
variations of the input voltages. The HIL real time simulation
results of Fig. 18 have been depicted in Fig. 19.

4) FEEDBACK PBC WITH INTEGRAL VERSUS FEEDFORWARD
BASED PBC WITH NDO
Fig. 20 and Fig. 21 show a fair comparison between the PBC
strategy [26], PBC strategy with the integral (PBC + I) [7],
and the proposed PBC strategy with NDO (PBC + NDO).

FIGURE 17. HIL real time dynamics to validate the MATLAB simulation
results obtained in Fig. 16.

FIGURE 18. Dynamic performance of the dc-bus voltage and the inductor
currents during input voltage changes.

At startup, the dc-bus voltage is controlled at 750 V and
the CPL is loaded by 14.44 kW, then the CPL is suddenly
increased up to 21.66 kW (see Fig. 20) and decreased down
to 7.22 kW (see Fig. 21), respectively. The results show
the superiority of the feedforward control system based the
PBC + NDO over the conventional feedback control com-
bined with the integral gain PBC + I. The PBC strategy with
the NDO attenuates the disturbances (due to CPL changes)
extremely fast with shortest settling time as compared with
the PBC strategy plus integral. Based on a feedforward com-
pensation control, the PBC + NDO strategy provide a very

VOLUME 8, 2020 92403



M. A. Hassan, Y. He: Constant Power Load Stabilization

FIGURE 19. HIL real time dynamic results to validate the results obtained
in Fig. 18.

FIGURE 20. Dynamic behavior of the parallel dc-dc buck power
converters subjected to a sudden change in CPL from 14.44 kW to
21.66 kW at t = 0.05 s.

short settling time at startup of operation as compared with
the PBC + I, which depicts an exceptional high overshoot
due the integral gain.

B. SYSTEM BEHAVIOR DURING MISMATCH BETWEEN
THE CONVERTERS OUTPUT VOLTAGES
The dynamic of the NDO is only able to estimate the dis-
turbances in the output voltage caused by the load and line
variation; the voltage mismatch between the parallel convert-
ers cannot be handled. Based on the self I-V droop prop-
erty of the PBC strategy, this problem can be solved by
adding more virtual resistance to reshape the energy flow
across the capacitor circuit, thereby eliminating the output
voltage mismatch by getting equal current sharing. Fig. 22
shows the dynamic waveforms of the dc-bus voltage and the
inductor currents. Initially the system works with 1% voltage
mismatch between the parallel converters; therefore, Fig. 22

FIGURE 21. Dynamic behavior of the parallel dc-dc buck power
converters subjected to a sudden change in CPL from 14.44 kW to
7.22 kW at t = 0.05 s.

FIGURE 22. Dynamic performance of the two parallel dc-dc buck power
converters working at three different operating modes; voltage mismatch,
CPL variation from 14 kW to 21.66 kW, and CPL variation from
21.66 to 32 kW.

shows unequal current sharing. The I-V droop control is then
applied at t = 0.06 s through adding a large virtual resistance
(R2 = 50). This resistance is added to eliminate the voltage
difference between parallel converters. At time t = 0.1 s
and t = 0.14 s, the CPL changed from 14 to 21.66 kW and
to 32 kW respectively. It can observe that, the condition of
the equal current sharing is precisely obtained at large varia-
tions on the CPL, as well as the dc-bus voltage is properly
regulated at 750 V. To consider the trade-off between fast
response dynamic and accurate current sharing, the droop
gains (R1,R2) should be varied according to the magnitude of
the voltage mismatch between the parallel converters, which
can be considered as the future trends for this work.

V. CONCLUSION
This paper addresses the instability problem caused by the
CPLs for the parallel-contented dc-dc buck power converters
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in dc microgrid systems. To solve this problem, the adaptive
PBC strategy with NDO is applied to stabilize the oscillation
caused by the CPLs as well as to compensate the disturbances
of the dc microgrid system. The NDO is applied to eliminate
the steady-state error of PBC caused by the system distur-
bances as well as to increase the degree of control freedom.
This controller provides superior anti-disturbance rejection
with extremely recovery performance as compared with other
PBC strategies. Based on the passivity property, the concept
of the I-V droop control is also emphasized to ensure both
voltage regulation and equal current sharing. The MATLAB
simulation and HIL experiment results are presented to verify
the control performance of the proposed controller.
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