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Abstract

In this paper, the instability problem caused by the constant power load in Buck converter is addressed. In order to solve
his instability problem, a composite controller is proposed. Due to the double loop structure of this controller, the passivity
ased control (PBC) is adopted in the voltage loop to track the reference voltage and make the system stable, while a simplified
ontinuous control set model predictive control (CCS-MPC) is selected as the current controller to track the current reference.
oreover, in order to improve the robustness of the controller and avoid the static error in output, a high order disturbance

bserver (HODO) is designed out to compensate the negative effects caused by the disturbance and uncertainty. Then, a mixed
otential theory based large signal stability analysis is conducted to investigate the large signal stability of the studied system.
n order to verify the proposed method, MATLAB simulation, OPAL-RT based hardware in loop and rapid control prototype
xperiments are conducted.
c 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

As an important part of future intelligent power distribution system, microgrid technology represents the future
evelopment trend of distributed energy supply system [1]. Recently, the number of PVs, batteries, supercapacitors,
ED lighting, laptop, cellphone, EVs and other DC devices are increasing day by day, when these DC appliances
re connected to AC microgrid, a large amount of interface power converters are needed, leading to an increment in
he system cost and energy consumption. Moreover, compared with AC microgrid, DC microgrid are more easily to
ontrol since the absence of reactive power, phase and frequency. Therefore, the research and development of DC
icrogrid system has been largely prompted by the scholar from worldwide [2–6]. Fig. 1 depicts the normal structure

f the DC microgrid, source plants such as PVs, ESS and the DC loads connect to the bus through interface power
onverters, the introduction of interface converter can largely improve the efficiency and controllability, however,
ome converter connected loads always operate in tight regulate mode. In this mode, they usually consume a fix
mount of power regardless of the variation of the bus voltage, thus, they are redeemed as constant power load
CPL). The application of CPL will introduce the negative incremental impedance characteristics into the system,
hich will deteriorate the damping of system and cause the limit cycle dynamic [7–10]. This unwanted phenomenon
ill lead to the increment of the stress of the switches, which will lead to the temperature rising, reducing of the

ifetime or even completely damage it. Moreover, from the perspective of system level, it also causes potential
nstability problem.

Fig. 1. A typical structure of DC microgrid system

In order to mitigates the instability problems caused by CPL, a large number of researches have been conducted.
In [7–9], passive damping approach was adopted to increase the damping of the system, therefore, necessary
inductors, capacitors, resistors or LC filters are designed and applied in the circuit. Although the passive damping
approach can eliminate the energy oscillation caused by the CPL, the weight, cost and power loss of the system
are also increased with the addition of the passive elements. In order to ensure the stability without additional
power loss, active damping approaches are proposed, with the modification of the control loops, the impedance of
load and source can be reshaped to improve the damping of the system [11,12]. However, these above methods
are based on the linear small signal model, which can only ensure the stability around the operating points. In
order to overcome this disadvantage, some nonlinear algorithm based stable controller are proposed [13–15]. A
boundary controller is proposed in [13] to overcome the destabilizing effect caused by the CPL in the DC–DC
Buck power converter. However, because this controller is designed based on the hysteresis band, the issues such
as variable switching frequency and degraded ripple effect are introduced by its application. A fixed switching
frequency sliding mode controller is designed in [14] to stabilize the CPLs over a wide operating range. However,
this algorithm needs the measurement of DC capacitor voltage, which leads to a large equivalent series resistance
and degraded ripple filtering effect. Moreover, the proposed method requires a very high switching frequency to
operate which may cause the chattering problem. In [15], a synergetic control method is proposed to mitigate the
CPL caused instability problem in parallel buck converters. However, detailed analysis for CPLs is lack in this

paper. Disturbance observer techniques provide an effective way to estimate the disturbance, uncertainty and model
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mismatch in the system. Therefore, better robustness and dynamic performance can be provided if control method
can be combined with disturbance observer [16]. In [17], by the introduction of nonlinear disturbance observer, the
proposed adaptive backstepping control can ensure the global stability of the boost converter system even when
the CPL has a large variation. Another adaptive backstepping algorithm is presented in [18] for stabilizing boost
converter suppling CPL with a third degree cubature Kalman filter for the estimation of the uncertainty. In [19], an
adaptive passivity based control is combine with nonlinear disturbance observer to mitigates the instability problem
in the buck converter suppling CPL. With the addition of the NDO, the control robustness is largely improved.

Model predictive control (MPC) is one of the most popular controllers among the industrial application, recently,
ith the development of the microprocessors, more and more MPC are used in power electronics by researchers [20].

n this algorithm, the predictive output state at next step is predicted through the predictive model equation, then
he cost function will pick out the optimized control action which can track the reference best. Therefore, the
erformance of the model predictive control depends on the predictive model which will be easily impacted by the
isturbance, uncertainty and model mismatch. For the buck converter feeding CPL in this paper, the disturbance,
ncertainty and model mismatch can be represented by the variation of inductance, capacitance, equivalent series
esistance of inductor, equivalent series resistance of capacitor, resistance and the CPL. In order to compensate
he negative impact caused by them, some researches are conducted. An adaptive continuous control set model
redictive control is proposed in [21] to track the voltage reference regardless of the variation of the resistance. In
he proposed method, a Luenberger observer is designed to estimate the value of the resistor load, suppling with
he real-time information, the proposed CCS-MPC can fulfill the reference tracking without static error. In [22], a
nite control set model predictive control (FCS-MPC) is combined with proportional–integral (PI) controller and
uenberger observer to mitigate the output offset in boost converter caused by the model mismatch of the ESR
f inductor. Although these literatures have demonstrated the feasibility of the disturbance observer based MPC
lgorithm against the uncertainty and model mismatch, the instability problem caused by CPL is not involved
y them. Recently, several literatures focusing on the stable control of the converters suppling with CPL have
een published. An explicit model predictive control (eMPC) is proposed in [23] to ensure the stability of the
oost converter feeding CPL. However, rather than disturbance observer, this paper use sensor to obtain the load
urrent, which will cause the increment of the cost and deterioration on the reliability. Similar, a decentralized
odel predictive control (DMPC) is proposed to ensure the power sharing and stability of the dc bus voltage in a
ulti boost converters system suppling CPL [24]. Similarly, in order to operates, this algorithm also needs to obtain

he power of CPL by the addition of sensor. In [25], an extended Kalman Filter based adaptive model predictive
ontrol is proposed to ensure the stability of an onboard DC microgrid with CPLs, however, this controller stabilize
he system from the secondary control level of the DC microgrids. An high order sliding mode observer(HOSMO)
s adopted for the estimation of the disturbances in boost converter suppling CPL, and a model predictive control
s work in parallel with the observer to track the reference. Due to the fast convergence rate of the HOSMO, this
omposite controller has a good performance, however, just as stated by the author, the tuning of this observer relies
n time and experience hardly [26–28].

In this paper, an observer based robust CCS-MPC method is proposed to mitigates the instability problem
aused by the CPL fed by the buck converter. During the construction of the feedback controller part, double loop
ontrol structure is adopted, in the outer loop, the passivity based control is applied, while a CCS-MPC method
s designed and applied in the inner loop. For the feedforward estimation part, a high order disturbance observer
s adopted. Combined together, the proposed method can ensure the rapid and accurate reference tracking even
nder disturbance and uncertainty. This paper is organized as follows: the system model and problem description
re presented in Section 2. The foundation of the proposed control algorithm is shown in Section 3. Section 4
nvestigates the large signal stability of the proposed system. Section 5 verifies the proposed controller by MATLAB
imulations and OPAL-RT based hardware in loop (HIL) experiments, moreover, the comparisons towards the
revious nonlinear controllers are also shown in this section. Meanwhile, in Section 6, an OPAL-RT based rapid
ontrol prototype (RCP) experimental platform is built to further verify the proposed adaptive control algorithm.

. Modeling and problem description

The typical architecture of DC microgrid is shown in Fig. 1, which is often applied in data center, telecom power
upply and electrical transportation as EVs, electric ships or airplanes. As can be seen, the distributed generation,
rid and energy storage system delivery their power to the source bus through source power converters, while the
794
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Fig. 2. Simplified cascade model of DC microgrid shown above.

loads bus are supplied by source bus through a buck converter since the difference of the voltage level between the
source bus and load bus. As an important part of the power system, the load has high diversity, usually they can be
divided into two kinds of load: constant impedance load (CIL) which is mainly represented by the heater; constant
power load such as the motor and electronics device. The loads and its power supply in Fig. 1 can be simplified as
the cascaded system shown in Fig. 2 which consists of buck converter and composite loads.

The dynamic model of the simplified system can be described as Eq. (1).⎧⎪⎪⎨⎪⎪⎩
L

diL

dt
= Eµ − vC

C
dvC

dt
= iL −

vC

R
−

PC P L

vC

(1)

here iL and vC represents the inductor current and capacitor voltage; E represents the input voltage of the source;
, L and C represents the resistive load, inductance and capacitance respectively; µ represents the duty ratio; iC P L

epresents the power consumed by CPL. Eq. (1) is based on the condition when the whole system works in their
ated condition. However, with the ignorance of uncertainty and disturbance, static error in the output will be
enerated, or even cause the instability problem of the whole system. When take these uncertainty and disturbance
nto consideration, Eq. (1) can be rewritten as⎧⎪⎪⎨⎪⎪⎩

L
diL

dt
= Eµ − vC + d1

C
dvC

dt
= iL −

vC

R
−

PC P L

vC
+ d2

(2)

here, d1 represents the lumped disturbance caused by the variation of the input voltage and inductance.

d1 =
E
L

µ −
E0

L0
µ +

vC

L0
−

vC

L
(3)

Similarly, d2 reflects the lumped disturbance create by the variation of the CPL, CIL and capacitance.

d2 =
iL

C
−

iL

C0
+

vC

C0 R0
−

vC

C R
+

PC P L0

C0vC
−

PC P L

CvC
(4)

here, R0, L0, C0, E0 and PCPL0 represent the rated value of the resistance, inductance, capacitance, input voltage
nd power of the CPL. Defining

x =

[
x1

x2

]
=

[
iL

vC

]
, A =

[
L 0

0 C

]
, B =

[
0 1

−1 0

]
,

R =

⎡⎣0 0

0
1
R

+
PC P L

x2
2

⎤⎦ , U =

[
E

0

]
, and d =

[
d1

d2

]
Therefore, Eq. (1) and Eq. (3) can be rewritten as Eq. (5) and Eq. (6), respectively

˙
Ax + (B + R)x = µU (5)
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A0 ẋ + (B + R0)x = µU0 + d (6)

In the matrix shown above, A0, R0 and U0 represent the rated value of A, R and U, respectively. The destination
of the algorithm is to achieve global asymptotically equilibrium point under the existence of the disturbances or
uncertainty, which is as follows

lim
t→∞

[x − xd ] = 0 (7)

For Eq. (7), the xd =
[
iLd vCd

]
is the reference value of x, and for the initial value of x0, iL0 > 0, vC0 > ε, where

ε is a positive value.

3. The construction of the proposed controller

In this part, the design process of the proposed controller will be represented. This procedure contains three parts:
the design of voltage loop controller, the design of current loop controller and the design of high order disturbance
observer. For the voltage loop controller, it tracks the reference voltage and creates the reference current which
will be used in the current loop controller. The current loop controller tracks the current reference and generate the
PWM which will be used to drive the IGBT of the buck converter. Meanwhile, the HODO works in parallel with
the double loop controller to compensates the output static error or mitigates the instability problem caused by the
uncertainty or disturbance.

3.1. Design of the voltage loop controller

Fig. 3 shows the output of the system shown in Fig. 2 during different situations, as can be seen, when the
resistance of the constant impedance load is larger than the equivalent resistance of the constant power load, the
latter dominates the load impedance, thus, the output of the system oscillates. However, at the time of 0.05 s, the
resistance of the CIL decrease by adding a parallel resistor, the CIL dominates the composite loads, the whole
system become stable. Although, the introduction can stabilize the proposed system, it dissipates an extra amount
of energy which leads to a decrease in the efficiency. Hence, in the voltage loop design period, the Passivity Based
Control (PBC) theory is applied which can inject the damp without increase the energy loss and hardware cost. The
PBC theory can be explained by Fig. 4, by the addition of virtual resistor RV, the constant impedance load can be
modified to dominate the whole composite load. Thus, the energy which leads to the limit cycle can be dissipated,

Fig. 3. Dynamic behavior of the buck system during different kind of load dominates.
796
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Fig. 4. Schematic diagram of passive control for proposed system.

and the output oscillation can be mitigated at the same time. Let the x = x̃ + xd , where x̃ is the error from output
alue set value xd , Eq. (5) can be modified as below

A ˙̃x + Bẋ + Rx̃ + Rd x̃ = µU − Axd + Bxd + Rxd + Rd xd (8)

here Rd is the virtual matrix introduced into the system which can be represents as

Rd =

[
0 0

0 RV

]
Due to the introduction of the virtual resistance, the transit energy of the system can be dissipated which is also

onsistent with the Lyapunov sense, the system will be become completely passive (stable). Therefore, the left part
f Eq. (8) reaches a global asymptotically stable equilibrium point x̃ = 0 [9,29]. Then, the stable control design
an be obtained as

µU − Axd + Bxd + Rxd + Rd xd = 0 (9)

Since the buck converter belongs to the non-nominal phase system, the direct output voltage regulation approach
an be easily deal by set x2re f = x20. Therefore, the PBC based voltage loop controller can be derived from Eq. (9)
s

ire f =
VCre f

R
+

P
VCre f

+
1

RV

(
VCre f − vC

)
(10)

Although, Eq. (10) can operate well during the system in the nominal condition, static error or instability will be
produced during the existence of uncertainty or disturbance. In order to make the system track its reference without
offset, the voltage loop controller shown above should be modified by compensating the amount of the lumped
disturbance or uncertainty, thus, Eqs. (9) and (10) can be rewritten as

µU + d − Axd + Bxd + Rxd + Rd xd = 0 (11)

ire f =
VCre f

R
+

P
VCre f

+
1

RV

(
VCre f − vC

)
− d2 (12)

3.2. Design of the current loop controller

Since the model predictive control has the advantages as rapid dynamic performance, simply to handle, accurate
reference tracking ability [20], a continuous set model predictive controller is adopted as the inner loop control
method. Different from other model predictive controller, its predictive horizon is set at only one, which can lead
to a decrease of the computation burden [21]. Assuming the current change in one switching period is linearly as
shown in Fig. 5, the rise or drop of the current is directly related to the state of the switch state. In Fig. 5, the
tn(n=1, 2, 3) is the time of the first turn on period, first turn off period and the second turn on period of the switch,
isn(n=1, 2, 3) represents the current value at the instant of tn(n=1, 2, 3), is0 or iL (k) is the current at the end of last
switching period.
797
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Fig. 5. Current waveform in one switching period.

Combined with Eq. (1), the slope of the current during different switching operation can be obtain by set the
duty ratio as 1 or 0, thus the slope for the current in one switching period can be shown as⎧⎨⎩

fi1 = fi3 =
E − vC

L
fi2 = −

vC

L

(13)

According to the above equation, the current at each point can be calculated out. However, in order to simplify
he equation and further reduce the computation burden, the t1 and t3 are forced to be equal. Then, the simplified

equation to calculate the inductor current at tn(n = 1,2,3) is shown below⎧⎪⎪⎨⎪⎪⎩
iS1 = iS0 + fi1t1

iS2 = iS0 + fi1t1 + fi2t2

iS3 = iS0 + 2 fi1t1 + fi2t2

(14)

The tracking mode for the predictive current control method can mainly represented by the peak tracking mode,
valley tracking mode and the average tracking mode [30,31]. In order to make sure the current algorithm has a
good dynamic performance without static error, an improved average tracking mode will be applied by which all
the current poles in one switching period can be taken into consideration by the cost function of MPC shown
below.

J (k) = (ire f − iS1)2
+ (ire f − iS2)2

+ (ire f − iS3)2 (15)

Combined equation (15) with Eqs. (13) and (14), the cost function can be rewritten as the equation represent by
the slope and switching time as shown below

J (k) = (ire f − iS0 − fi1t1)2
+ (ire f − iS0 − fi1t1 − fi2t2)2

+ (ire f − iS0 − fi1t1 − fi2t2 − fi3t3)2 (16)

Since t1 is equal with t3 forcibly, and t2 can be expressed as t2 = TS-2t1, the cost function can be redeemed as
quadratic equation whose minimum value can be easily calculated through its derivative. Thus, the value of t1
hich according to the minimum value of the cost function can be obtained by the equation shown below⎧⎪⎪⎨⎪⎪⎩

t1 = t3 =
4(ire f − iS0) − 3TS fi2

6( fi1 − fi2)

t2 = TS − 2t1
(17)

With the acknowledge of the values of tn(n=1,2,3), the duty ratio can be also been calculated as

µ =
2t1
TS

(18)

It is worthy to mention that in order to make the proposed algorithm operates, the PWM modulation needs to
be the trailing triangle mode. The aforementioned process is based on the system works without any uncertainty

or disturbance, however, ignorance of the them will lead the inaccuracy of the slope equation. To make the system
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can track its reference accurately without offset, the slope equation (13) should be modified as shown below which
can compensate the lumped disturbance.⎧⎪⎪⎨⎪⎪⎩

fi1 = fi3 =
E − vC − d1

L

fi2 = −
vC + d1

L

(19)

.3. Design of the high order disturbance observer

The disturbances mentioned above are time-varying signals which cannot be measured easily without the
ncrement of the cost of the system. In this situation, disturbance observer technology is a good choice to estimate
he disturbances, especially for the high order disturbance observer which have a better performance on estimation
f the time-varying disturbance when comparing with basic nonlinear disturbance observer [16,32]. Reformulate
quation (2) as

(
i̇L

v̇C

)
  

ẋ

=

⎛⎜⎜⎝
Eµ − vC

L
iL −

vC

R
−

PC P L

vC

⎞⎟⎟⎠
  

f (x,µ,t)

+

(
1 0

0 1

)
  

F

(
d1

d2

)
  

d(t)

(20)

Thus, Eq. (20) can satisfy the normal form of the normal nonlinear system (Eq. (21)) on which the HODO will
e developed

ẋ = f (x, µ, t) + Fd(t) (21)

where x ∈ Rn , u ∈ Rm , d ∈ Rr are the state, the control input, and the disturbance vectors, respectively. f (x, µ; t)
and the matrix F with rank(F)=r is known, and the state variables x are measurable and its initial value can be
obtained. A reduced order system of Eq. (21) can be expressed as

F+ ẋ = F+ f (x, µ, t) + Fd(t) (22)

where the matrix F+ is the Moore–Penrose pseudo-inverse of the matrix F. In this paper, since the matrix F is the
Identity matrix, F+=F. Therefore, the reduced order system of Eq. (20) can be represented by itself. Accordingly,
the high order disturbance observer can be expressed as⎧⎨⎩ż = F+ f (x, µ, t) + Γ0(F+x − z)

d̂ = Γ0(F+x − z)
(23)

In the above equation, the d̂ is the disturbance estimation vector, Γ0 = diag {γ01, . . . , γ0r } , γ0i > 0 denotes
the observer gains needs to be design. Thus, the high order disturbance observer for the proposed system can be
expressed as⎧⎪⎨⎪⎩

ż1 =
1
L

(µE − vC ) + Γ1(iL − z1)

d̂1 = Γ1(iL − z1)
(24)

⎧⎪⎨⎪⎩
ż2 =

1
C

(iL −
vC

R
−

PC P L

vC
) + Γ2(vC − z2)

d̂2 = Γ2(vC − z2)
(25)

Defining the disturbance estimation error as

ed = d̂ − d (26)

Combining Eqs. (26), (22) and (23), the dynamics of disturbance estimation error can be derived as
ėd = −Γ0ed (27)
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Fig. 6. Schematic diagram of the proposed controller.

Therefore, if the observer gain Γ0 is chosen as a Hurwitz matrix, the error of the estimation will finally converge
o zero. Therefore, the robust controller proposed in this paper can be represented as Fig. 6 shown below. As can be
een, with the information of output state and disturbance, the PBC based controller in the voltage loop tracks the
eference voltage and generate the inductor current reference which will be applied by CCS-MPC in the inner loop.
hen the circuit performs with the received PWM signal and generate the related output. With the acquirement of

he output state and duty ratio, HODO can estimate the disturbance. At last, the output the disturbance information
ill be sent into the double loop controller to calculated the PWM signal for the next cycle.

. The large signal stability of the proposed method

The large signal stability of the proposed system will be investigated in this part through mixed potential theory.
he mixed potential theory was first proposed in 1960s [33,34], before it is used in the large signal stability analysis

owards the power electronics, it was applied to investigate the stability of the nonlinear circuits [35]. The unified
orm of the mixed potential function can be expressed as follows

P(i, v) = −A(i) + B(v) + (i, γ v − α) (28)

where A(i) is the current potential function, B(v) is the voltage potential function, γ is a circuit structure-related
constant matrix, and α is a constant vector. There are three related stability theorems for the mixed potential function

ased large signal stability analysis. Since the current potential function is linear in the first stability theorem, and
he voltage potential function is linear in the second theorem, neither of them are suitable for the studied system.
herefore, the large signal stability analysis can only adopt the third theorem shown below

If µ1 + µ2 ≥ δ(δ > 0), for all i , v and

P∗(i, v) = (
µ1 − µ2

2
)P(i, v) +

1
2

(Pi , L−1 Pi ) +
1
2

(Pv, C−1 Pv) → ∞ (29)

s |i | + |v| → ∞, all solutions of the studied system will approach the equilibrium solutions as t → ∞

33,34]. In Eq. (29), µ1 is the minimum eigenvalue of L−1/2 Ai i (i)L−1/2 and µ2 is the minimum eigenvalue of
−1/2 Bvv(v)C−1/2, and Pi = ∂ P(i, v)/∂i , Pv = ∂ P(i, v)/∂v, Ai i (i) = ∂2 A(i)/∂i2, Bvv(v) = ∂2 B(v)/∂v2.
For proposed controller and the system shown in Fig. 2, the value of the inductor current is directly related to

he error between capacitor voltage and its reference, moreover, the current drown into the CPL also has direct
elationship with the its input voltage. Thus, the source part and the CPL are regarded as controlled current source,
hus, the equivalent circuit of the proposed system can be shown as Fig. 7. Based on this equivalent circuit and
he construction process aforementioned, the mixed potential function for the proposed system can be expressed
s

P(i, v) =

∫ iL

0
vC diL −

∫ iR

0
vC diR −

∫ iC P L

0

PC P L

iC P L
diC P L − vC (iL − iR − iC P L ) (30)

where, the iR and iC P L denote the current drown to the CIL and CPL, respectively. By applying the partial integral
method, the above equation can be simplified as

P(i, v) = −

∫ vC

iLdvC +

∫ vC

iRdvC +

∫ vC PC P L dvC (31)

0 0 0 vC

800



J. Zhou, Q. Zhang, M.A. Hassan et al. Energy Reports 7 (2021) 792–813

c

t
p

Fig. 7. The Equivalent circuit of the cascade Buck converter with composite loads.

Then, Eq. (31) can be rewritten to a unified form as⎧⎪⎪⎪⎨⎪⎪⎪⎩
A(i) = 0

B(v) = −

∫ vC

0
iLdvC +

∫ vC

0
iRdvC +

∫ vC

0

PC P L

vC
dvC

(i, γ v − α) = 0

(32)

According to the third theorem of the mixed potential theory⎧⎨⎩
Ai i = 0

Bvv = −
∂iL

∂vC
+

1
R

−
PC P L

v2
C

(33)

Assuming the current control can track the reference current rapidly and precisely, Eq. (33) can me modified by
ombined voltage loop controller.⎧⎨⎩

Ai i = 0

Bvv =
1

RV
+

1
R

−
PC P L

v2
C

(34)

Finally, when |i | + |v| → ∞, the P∗(i, v) → ∞, and the large signal stability theorem for proposed system can
be expressed as

1
C

(
1

RV
+

1
R

−
PC P L

v2
C

)
> 0 (35)

Therefore, it can be observed from the above equation that by the large signal stability can be guaranteed if
he virtual resistance RV is tuned properly. According to Eq. (35), the large signal stability boundary scan of the
roposed system can be represented as Figs. 8 and 9.

Fig. 8. Large signal stability boundary graph of the proposed system during the variation of CIL. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Both the above two figures are derived from the mixed potential theory based large signal stability theorem
shown in Eq. (35), the difference between them is that, in Fig. 8, the impedance of the CIL is independent variable
801
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Fig. 9. Large signal stability boundary graph of the proposed system during the variation of CPL. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of this article.)

hile in Fig. 9 the independent variable change to the power of the CPL. During the construction process of Fig. 8
nd Fig. 9, except for the virtual resistance and independent variable, all the other parameters are set at their rated
alue. As can be seen from the above two figures, each of them are divided into stable zone which is marked in
lue and unstable zone which is marked in white. During the change of the independent variable, if the point (R,

RV) or (PCPL, RV) locates in the blue area, the proposed system is regraded as large signal stable system according
o the mixed potential theory, or large signal instability if they do not. Since the virtual resistance is set at 0.2 �

and the variations of the CIL and CPL are [33.3, 50] � and [14.4, 21.7] kW, respectively, according to Eq. (35),
igs. 8 and 9, the large signal stability of the proposed system is ensured by the proposed controller.

. Simulation results and discussions

In order to represent the robustness of the proposed algorithm towards the disturbance and uncertainty, the related
ATLAB simulations are conducted. During these simulations performing, the virtual resistance RV is set as 0.2,

ince a higher value will create static error in the output voltage, while a less value make the dynamic performance
aster but with large output ripple. The observer gains Γ1 and Γ2 are set at 1000 and 5000, respectively, since the
arger gain will not only make the error converge fast but also introduce the ripple into the estimated value. For the
ther parameter relating to the proposed system, their values are shown in Table 1.

Table 1. System parameters.

Variable Description Value

Vre f Output voltage reference 750 V
fs Switching frequency 20 kHz
E Nominal input voltage 1500 V
R Nominal resistive load 50 �

L Inductance 4 mH
C Capacitance 1 mF
PC P L Nominal power of CPL 14.4 kW

5.1. Input voltage variations

The dynamic performance of the proposed method during the variation of the input voltage is shown in Fig. 10.
he change of the input voltage is shown in the third subfigure of it, as can be seen, the input voltage decreases

o 1000 V from 1500 V and recover to its nominal value in a few seconds, after that it increases to 2000 V and
ack to 1500 V in the end. During these variations, the output voltage is regulated at its reference value tightly, the
argest transit deviation is about 0.3 V which is eliminated quickly, and no obvious change can be observed in the

nductor current.

802



J. Zhou, Q. Zhang, M.A. Hassan et al. Energy Reports 7 (2021) 792–813

5

i
r
a
w

5

d

Fig. 10. The output waveforms of the proposed system during the variation of input voltage.

Fig. 11. The output waveforms of the proposed system during the variation of CPL.

.2. CPL variations

In this part, the robustness of the proposed system under the variation of the CPL will be verified. As presented
n Fig. 11, the power of the CPL PC P L increases from 14.4 kW to 21.7 kW in the instant of 0.04 s and back to its
ated value of 14.4 kW at 0.06 s. As can be observed in Fig. 11, the output voltage can track its reference value
ccurately and rapidly, the largest deviation during the change of CPL is about 0.8 V and it is eliminated in 2 ms,
hile the inductor current operates according to variation of PC P L .

.3. CIL variations

In this section, the performance of the proposed algorithm against the CIL change will be presented. Fig. 12
epicts its dynamic performance during the change of the CIL from 50 � to 33.3 � at 0.04 s and back to its rated

value at 0.06 s. As can be seen, during the drop of the CIL from 50 � to 33.3 �, the output voltage only has a
slight variation about 0.6 V from its rated value. Similarly, when the resistance of CIL recover to 50 �, except for
the tiny overshoot of around 0.5 V no change can be observed. For the inductor current, it changes with the power
consumed by the CIL.

5.4. Comparison simulation towards nominal CCS-MPC

In order to further verify the robustness of the proposed controller, comparison simulations are performed between
the proposed method (in red) and the nominal CCS-MPC controller (in blue) which is same as the proposed
controller but without the HODO parts. The comparison simulation towards nominal method during the change
of input voltage is shown in Fig. 13. In this simulation, the change of the input voltage is same with that shown

in Fig. 10, it can be observed that static errors are generated by the nominal controller, however, the proposed
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Fig. 12. The output waveforms of the proposed system during the variation of CIL.

Fig. 13. The comparison simulation towards the nominal CCS-MPC during the variation of input voltage. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. The comparison simulation during the variation of CPL between the proposed method and nominal CCS-MPC. (For interpretation
f the references to color in this figure legend, the reader is referred to the web version of this article.)

ethod can maintain the robust operation during the variation of the input voltage and no obvious static error can
e observed.

Fig. 14 represents the comparison simulation towards the nominal CCS-MPC controller during the CPL changes
hich is similar with that shown in Fig. 11. As can be seen, with the increment of PC P L the nominal CCS-MPC

(in blue) failed to track the reference and a negative static error is created, while the proposed controller (in red)
can track the reference and no offset can be found.

The compared simulation results between the proposed algorithm (in red) and nominal method (in blue) during
the variation of constant impedance are shown in Fig. 15. As a further verification of Fig. 12, the change of the

impedance is same with that in Fig. 12. It can be observed, during decrease of the impedance the output voltage of
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Fig. 15. The comparison simulation during the variation of CIL between the proposed method and nominal CCS-MPC.

Fig. 16. The comparison simulation during the variation of input voltage between the proposed algorithm and PBC+NDO. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

the nominal controller drops about 1 V, and this offset exists until the impedance recover to its rated value. While
the proposed method can fulfill the accurate tracking during the disturbance happens.

Thus, it can be proved that the proposed controller is robust enough to operates under the variation of the input
oltage, constant impedance load and constant power load. In the following parts, further comparison simulation will
e conducted to show the dynamic performance of the proposed controller. In that part, the nonlinear disturbance
bserver based PBC (PBC+NDO) controller presented in [19] will be taken as a contrast.

.5. Comparison simulation towards PBC+NDO

The comparison simulation between the proposed algorithm (in red) and the PBC+NDO (in blue) is conducted
nder the same condition represented in Fig. 10. As can be observed in Fig. 16, during the rise and drop of the
nput voltage, slight static errors can be observed in the output voltage of the PBC+NDO when the input voltage
s not at its rated value, while the proposed method can track the reference accurately.

Fig. 17 shows the comparison simulation between the proposed algorithm (in red) and PBC+NDO (in blue)
uring the step changes of CPL. It can be seen, during the step-up change of the CPL from 14.4 kW to 21.7 kW,
he output voltage of PBC+NDO has a deviation around 4 V while that of proposed algorithm is only around 1 V
nd its settling time is only a half of that of PBC+NDO. The results for these two controllers under the step-down
f the CPL are similar, the proposed method shows advantage in both the overshoot and settling time.

The simulated dynamic performance of those two controllers under the change of the resistance is shown in
ig. 18. During the step-down of the CIL from 50 � to 33.3 �, a deviation about 3 V is generated by PBC+NDO

which takes around 3 ms of it to mitigates, and similar results can be observed during the step-up change of the
CIL from 33 � to 50 �. However, the proposed method only takes around one third of that time to eliminated
the 1 V deviation for the both changes. Therefore, it can be known that the proposed controller is not only robust

against the disturbance but also have a good dynamic performance when compared with recent control algorithm.
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Fig. 17. The comparison simulation during the variation of CPL between proposed algorithm and PBC+NDO. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 18. The comparison simulation during the variation of CIL between proposed algorithm and PBC+NDO.

owever, above results are all based on MATLAB simulation which is not a real-time simulation, in order to get
he simulation results which is closer to the hardware experiment, real time simulation will be conducted in the
ollowing parts.

In order to further verify robustness and dynamic performance, an OPAL-RT based hardware in loop (HIL)
xperimental platform is constructed, and its detailed constructure is shown in Fig. 19. In this laboratory platform,
he DSP TMS320F28335 embedded with proposed controller is act as the controller, while the OPAL-RT with

Fig. 19. Schematic diagram of the OPAL-RT based HIL experimental platform.
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Fig. 20. The HIL comparison experiment between proposed controller and nominal CCS-MPC during the input voltage change.

roposed circuit inside operates as the control plant. The detailed control process is depicted as follow: the AC port
f DSP obtains the output states from the OPAL-RT, after calculated by DSP controller, the related PWM signal is
enerated and send to the digital input port of the OPAL-RT. Then, the output states are calculated with the given
WM signal on the circuit planted in the OPAL-RT and are exported through the analogy signal output port of the
PAL-RT. It is worthy to mention that due to the output range of the OPAL-RT is limited from −16 V to +16 V,

in order to fits this limit, the output voltage is subtracted by 750 V and the inductor current is subtracted by 50 A.
Moreover, the minimum stepping time of OPAL-RT is 50 µS, so the step size is modified to 10−5 s from 10−6

s and the switching frequency for the IGBT in the buck converter is reduced from 20 kHz to 10 kHz. For other
parameters, they are just same with that shown in Table 1 without any change.

In order to verify the results obtained from the simulation related to Fig. 13, the similar HIL experiment is
conducted and its result is shown in Fig. 20. During this experiment, the change of the input voltage is similar
with that in Fig. 13. As can be seen, the similar conclusion can be drawn that the proposed controller can operates
accurately during the input voltage variation, however, an obvious static error can be observed in the output voltage
of the nominal CCS-MPC controller. Fig. 21 shows the contrast HIL experiment between the proposed method and

Fig. 21. The HIL comparison experiment between proposed controller and nominal CCS-MPC during the CPL change.
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Fig. 22. The HIL comparison experiment between proposed controller and nominal CCS-MPC during the CIL change.

he nominal CCS-MPC during the variation of CPL. In this experiment, the change of the CPL is similar with that in
ig. 14. As can be seen, with the increment of the CPL, the output voltage of the nominal controller decreases from

he reference around 3 V, while the proposed controller can fulfill the accurate and rapid tracking of the reference
oltage. Fig. 22 shows the comparative HIL experiment between the proposed method and nominal controller during
he variation of impedance which is similar with the simulation depicts in Fig. 15. As can be seen, with decrease of
he impedance, a static error can be observed in the output voltage of the nominal CCS-MPC method, however, the
roposed method can keep the static error free operation. Thus, the conclusion can be drawn that with the addition
f HODO, the disturbances can be compensated to enhance the robustness of the controller.

In the following part, the comparative HIL experiments are conducted between the proposed method and
BC+NDO during the variation of the input voltage, CIL and CPL. In order to verify the results shown in 16,

he corresponding HIL experiment is conducted and its results is shown in Fig. 23. As can be seen, the proposed
ethod can track the reference voltage tightly. However, tiny errors can be found in the output of the PBC+NDO

uring the variation of the input voltage away from its rated value. Its static errors during the input voltage of
000 V and 2000 V are 0.4 V and 0.3 V, respectively, these static errors exist until the input voltage return to its
ated value.

Fig. 23. The HIL comparison experiment between proposed controller and PBC+NDO during the input voltage change.
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Fig. 24. The HIL comparison experiment between proposed controller and PBC+NDO during the CPL change.

Fig. 25. The HIL comparison experiment between proposed controller and PBC+NDO during the CIL change.

Fig. 24 depicts the comparative HIL experiment which is conducted between the proposed method and
BC+NDO during the CPL variation. In this experiment, overshoots can be observed in the output voltage of
oth controllers during the step variations of the CPL. During the step-up variation of the CPL from 14.4 kW to
1.7 kW, the overshoots of the proposed method and PBC+NDO are 2.3 V and 4 V respectively, and those for the
tep-down variation are 2.5 V and 4.2 V respectively. Meanwhile, the settling time for the PBC+NDO are 5 ms for
he step-up variation and 4 ms for step-down variation, while those for proposed algorithm are both around 2 ms.

The results of the comparison during the variation of the CIL is represented in Fig. 25. As can be observed,
ith the resistance of the CIL drop from 50 � to 33.3 �, the PBC+NDO needs 4 ms to mitigates the overshoot

of 2.5 V while the proposed method needs 2 ms to mitigates the overshoot of 1.5 V. Similarly, when the resistance
recovers back to 50 �, it takes the PBC+NDO 5 ms to eliminates the overshoot of 3 V, while for the proposed
method it only cost 2 ms to back to the reference voltage from 1.6 V. Through the HIL experiments shown above,
it can be found that the proposed algorithm is not only robust enough but also has a good dynamic performance.
When compared towards PBC+NDO, its amplitude is half of that of the contrast controller, and its settling speed

is also two times faster.

809



J. Zhou, Q. Zhang, M.A. Hassan et al. Energy Reports 7 (2021) 792–813
Fig. 26. The OPAL-RT based RCP experimental platform.

6. Rapid control prototype hardware experiments

In order to verify the proposed algorithm with hardware experiment, an OPAL-RT based rapid control prototype
(RCP) hardware experimental platform is designed and constructed. As depicts in Fig. 26, the mentioned hardware
experimental platform consists of Buck converter, drive circuit, sampling circuit, composite load, and OPAL-RT
5600 system (including a host PC). In this platform, the OPAL-RT generates and sends the PWM signal to Buck
circuit through driving circuit which can increase the voltage level of the PWM signal from 3.3 V to 15 V so
that the IGBT can be driven by the improved signal. Meanwhile, the output signals are sent to OPAL-RT systems
through sampling circuit, then these signals will be used in the calculation by proposed method and the next PWM
signal will be send to the driving circuit.

Based on this RCP hardware experiment platform, the verification of proposed method is conducted during the
variation of input voltage, CIL and CPL. Fig. 27 shows the experimental result of the proposed method during the
change of the input voltage which rise from 24 V to 28 V and then back to its rated value at 24 V again. As can
be seen, the output voltage of the proposed controller has been fixed at its rated value of 18 V, indicating it is
robust enough under the variation of the input voltage. The verification of the proposed method during the variation
of CPL is shown in Fig. 28. In this experiment, the CPL decrease from 13.3 W to 10 W and recover back to its
rated value at 13.3 W again. In this procedure, the output voltage is fixed at 18 V and no obvious static error can
be observed. Fig. 29 shows the experimental result of the proposed controller during the variation of CIL. In this
experiment, the resistance of the CIL first rise from 33.3 � to 50 � and then recover to 33.3 � again. As can be

Fig. 27. The RCP experimental result of proposed controller during the input voltage change.
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Fig. 28. The RCP experimental result of proposed controller during the CPL change.

Fig. 29. The RCP experimental result of proposed controller during the CIL change.

seen from Fig. 29, the proposed method maintains the robust operation of the system, no static error is found in its
output voltage, and the inductor varies according to the power consumed by the load. Thus, it can be proved that
the proposed control algorithm is robust enough to grantee the stable and static error free operation of the system
under the disturbance and uncertainty.

7. Conclusion

In this paper, the instability problem caused by the CPL and other disturbances or uncertainty in the buck
converter system have been addressed. Based on the PBC and MPC technology, a composite controller is proposed
and utilized to mitigates the instability problems mention above. Moreover, a HODO is design and set in parallel
with that controller to compensate the static error caused by the disturbance and uncertainty. According to the
mixed potential based large signal stability analysis, the proposed method can guarantee the large signal stability
of the proposed system. In order to verify the performance of the proposed controller, MATLAB simulations,
HIL experiments and RCP experiments are conducted for the proposed method, while comparative simulations
and HIL experiments are conducted towards other nonlinear controller to investigates the dynamic performance
811
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of the proposed controller. According to their results, the proposed algorithm has a good robustness and dynamic
performance towards the disturbance and uncertainty.
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