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Improved DC-Link Voltage Regulation Strategy
for Grid-Connected Converters

Yonghao Gui, Member, IEEE, Frede Blaabjerg, Fellow, IEEE, Xiongfei Wang, Senior Member, IEEE,
Jan D. Bendtsen, Member, IEEE, Dongsheng Yang, Senior Member, IEEE,
and Jakob Stoustrup, Senior Member, IEEE.

Abstract—In this paper, an improved dc-link voltage reg-
ulation strategy is proposed for grid-connected converters
applied in dc microgrids. For the inner loop of the grid-
connected converter, a voltage modulated direct power
control is employed to obtain two second-order linear time-
invariant systems, which guarantees that the closed-loop
system is globally exponentially stable. For the outer loop,
a sliding mode control strategy with a load current sensor
is employed to maintain a constant dc-link voltage even
in the presence of constant power loads at the dc-side,
which adversely affect the system stability. Furthermore, an
observer for the dc-link current is designed to remove the
dc current sensor at the same time improving the reliability
and decreasing the cost. From both simulation and experi-
mental results obtained from a 15-kVA prototype setup, the
proposed method is demonstrated to improve the transient
performance of the system and has robustness properties
to handle parameter mismatches compared with the input-
output linearization method.

Index Terms—Dc microgrid, direct power control, grid-
connected converter, observer, sliding mode control.

[. INTRODUCTION

HREE-phase ac/dc power converters (rectifiers), which

convert the ac power to dc using pulse-width modulation
(PWM), are widely used in various applications, e.g., dc
microgrids [1], renewable energy sources [2], uninterruptible
power supplies [3], etc. Maintaining the dc-link voltage at a
certain constant level is one of the key control objectives of
such rectifier systems.

Generally, the control strategies of PWM rectifier systems
consists of two parts, denoted inner-loop and outer-loop [4].
Conventionally, vector current control (VCC) is used for the
inner loop where two decoupled d-qg axes current controllers
are designed in a synchronous rotating reference frame [5].
This control strategy has the advantage that the relevant signals
are transformed from ac to dc, i.e., the tracking problem is
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changed into a regulation problem. However, a phase locked
loop (PLL), which estimates the phase of the grid voltage
for the Park transformation, suffers from a slow dynamical
response when the initial conditions are different from the
measurements.

To overcome such issues, a direct power control (DPC)
scheme is designed through the calculation of active and
reactive power signals [6], eliminating the need for inner-
loop current regulators. However, due to a variable switching
frequency, it is not easy to design an output filter. To overcome
this problem, the space vector PWM based DPC method
has been proposed, which achieves a constant switching fre-
quency [7], [8]. Based on that strategy, various techniques
have been employed for control, e.g., sliding-mode control
(SMC) [9], passivity-based control [10], and model predictive
control [11], etc. However, the steady-state performance is
still worse than by using the VCC methods. Recently, the
relationship between a DPC model and a system model in
the d-g frame has been investigated [12], where the DPC
method obtains the same steady-state performance as VCC
without compromising the transient performance. In [13], it
is shown that the voltage modulated (VM)-DPC improves
the performance compared with the SMC and PBC. For that
reason, this concept has been employed in various applications
under different conditions [14]-[20]. Consequently, the VM-
DPC method is applied to the inner loop of the rectifier system
in this paper.

For the outer loop (dc-link voltage controller), the main
objective is to regulate the dc-link voltage to a constant value.
Conventionally, a proportional-integral (PI) controller is used
in the outer loop controller, where a d-axis current or real
power reference for the inner loop is generated [21]. However,
the performance will be affected by the load disturbances
connected in dc microgrids. To handle this problem, feedfor-
ward control techniques have been studied by considering the
mismatched power/current disturbances in order to obtain an
enhanced dynamic performance of the dc-link voltage [22]-
[25]. However, they will be affected by the different operating
points since the controller gains are tuned at a certain operating
point. An adaptive PI controller is proposed to improve the
dc-voltage performance at different operating points [26].
However, it does not consider the nonlinearity in the dc-
link voltage dynamics. In order to obtain a fast performance
in the whole operating range, nonlinear control strategies
have been proposed. Input-output linearization (IOL) methods
were employed to cancel the nonlinear characteristics of the
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system dynamics in [27], [28]. However, they are sensitive
to parameter uncertainties. In order to improve the robustness,
super-twisting algorithm based SMC and backstepping control
methods have been designed for rectifier systems [14], [29].
However, they are using a load current sensor to cancel
the nonlinearity or reject the influence of it. In addition,
to remove the load current sensor at the dc-link for the
improvement of the reliability and decrease the cost, dc-link
current observers are designed to identify the load current
or power disturbance [30]-[32]. Recently, an extended state
observer is proposed to reject the load connected at the dc-
side [29]. However, it is not easy for the tuning and also the
nonlinear analysis.

In summary, the current state-of-the-art is to apply the
aforementioned methods for VCC or robust controller in the
synchronous rotating reference frame for the inner-loop and
some advanced control strategies for the outer-loop. The key
component, the PLL, in such methods will cause a slow
transient response or even stability problems in a weak grid as
discussed in [33]. Other methods are to use the DPC for the
inner-loop and some advanced control strategies for the outer-
loop. Although, the DPC obtains faster transient response,
the steady-state performance becomes worse compared with
the VCC. It should be noted that the inner-loop (VM-DPC)
was recently designed for the grid-connected inverter, and it
combines advantages of DPC and VCC, e.g., fast transient
response due to the elimination of PLL, better steady-state
performance at the same level as the VCC, simple yet robust
property, etc. [12]. This is the motivation to use the VM-DPC
in the inner-loop. Moreover, the outer-loop was designed to
cancel the nonlinear terms with the consideration of the dc-
link voltage dynamics as discussed in [26], which is compared
to the proposed method.

The main contributions can be summarized as follows:

1) A simple yet robust nonlinear controller: We firstly
design the SMC with the modified VM-DPC for the
rectifier system. The VM-DPC is employed into the
inner-loop control in order to obtain both advantages of
DPC and VCC, e.g., fast transient response due to the
elimination of PLL and good steady-state performance at
the same level as the VCC, etc. In addition, it is simple
and robust. For the outer-loop, since the dc-link voltage
dynamics is nonlinear, an SMC is employed to regulate
the dc-link voltage in order to utilize its advantages, e.g.,
robust to external disturbances, high accuracy, and finite
time convergence, etc. [34].

2) Improvement of the reliability and decrease the cost:
A dc-link current observer is designed to improve the
reliability and decrease the cost of the system instead
of using a measurement. In addition, the observer can
reduce harmonic oscillations at the dc-side caused by
the unbalanced ac currents.

3) Experimental test: The experimental results obtained
with the proposed method are in excellent agree-
ment with the simulation results obtained from MAT-
LAB/Simulink and PLECS. These results provide sup-
port for the practical feasibility of the proposed method.
Compared with the IOL method, an enhanced transient
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Fig. 1. Rectifier system in dc microgrid. (CPL: Constant Power Load)

performance and robustness to parameter mismatches
are obtained. In addition, compared with the SMC
using the measurement, the transient response is slightly
worsened but the steady-state performance is improved.

Although the SMC with the VM-DPC algorithm was ini-
tially designed for the three-phase rectifier system in [35],
issues related to removal of current sensor, implementation
of strategies, and experimental verification have not yet been
addressed. This paper makes an important contribution to the
practical concerns by addressing these issues. Consequently,
based on this paper, the users have two options of rectifier con-
trol: one is to prioritize the transient response with the SMC
using measurement, e.g., smaller overshoot, faster convergence
time, more robustness properties, etc. The other one is to
prioritize the steady-state performance with the SMC using
the dc-link current observer, e.g., less harmonic oscillations
on the dc-side, reduction of cost, improvement of reliability
of the dc capacitor, etc. In addition, various grid voltage
estimation methods have been researched in order to reduce
the number of grid voltage sensors and improve the reliability
of the system [36]-[40].. This is considered out of scope of
the current paper, but will be a subject of future research.

[I. MODELING OF PWM RECTIFIER SYSTEM

In this section, we will briefly introduce the PWM rectifier
system model. A typical three-phase two-level PWM rectifier
connected to the grid with an L-filter is shown in Fig. 1. It can
be observed that one of the objectives of the PWM rectifier is
to support power into the dc microgrid. Normally, the three-
phase grid voltages, v 4pc, the line current, i 4., the voltage at
the dc-link, V., and the dc current flowing into the load, I,
are measured to generate the rectifier voltages, u,;. , which are
used to control the PWM rectifier. L 5 and Ry 45 are filter
inductance and resistance, respectively. In addition, different
types of loads are connected to the dc microgrid. One is a
linear load (e.g., resistor), the other is a CPL (e.g., power
converter and motor, etc.), as shown in Fig. 1.

A. Model of Ac-Side of Rectifier

In this paper, the relationship between the grid voltage and
converter voltage could be described with the consideration of
a balanced grid voltage as follows [41]:

dis,abc

dr + Uabc, ey

Vs,abc= Rs,abcis,abc +Ls,abc
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Assumption 1. It is assumed that the filter resistances and
inductances are the same in each phase.

The dynamics in (1) can be transformed into the stationary
reference frame through Clark transformation as

di
Vsa= Rsisq +L5d75ta + g,
. dl'sﬁ
vsp= Rsisp +LSW +ug,

2)

where vy g, i50 5, and ug g indicate the grid voltage, output
currents, and the rectifier voltages in the stationary reference
frame, respectively.

The instantaneous real and reactive power signals can be
defined as

3
P= E(Vsais(x + Vsﬁisﬁ)a
3)

3. .
Q = E(Vsﬁ lsaa — vs(xlsﬁ)v

where P and Q are the real and reactive powers at ac-side.
If we differentiate the injected active and reactive powers of
rectifier system in (3) with respect to time, then their variations
can be expressed as

dp o 3 (. dvsa digq | . dvsﬁ disﬁ
m‘z(”‘ ar Vg BTy TV ) @
dg 3/, dvsﬁ Ty dige dvgg v disﬁ

— =5 \|lsa—— —Ig—— —Vsa—— | -

dt 2\ ar "Par CPrar % g

Assumption 2. It is assumed that the grid voltages in the
stationary reference frame are represented as

Vsa = Vscos(ot),

(&)

vy = Vssin(r),

where Vi and @ are the magnitude and angular frequency of
grid voltage, respectively.

Assumption 2 is reasonable since a non-distorted grid is
considered in the paper. The derivative of the grid voltage in
(5) with respect to time can be expressed as

d
:lm = —V;sin(0t) = —ovg,

o 6)
d;B = 0V;cos(®t) = Oy

Considering (2) to (6), the dynamics of the ac-side with respect
to the real and reactive powers can be expressed as

dP R, 3 3,

ar = LT 02t o Gsatta tvegug) = 5V o
do R, 3

o= P — T o+ 3L (Veplta — Vsarltp)-

where uq and ug are the control inputs (rectifier voltages).

Remark 1. Notice that the dynamics of the injected real and
reactive powers in (7) describe a time-varying system since
the grid voltages are multiplied by the control inputs.

Ideal CPL

Linear

Fig. 2. Equivalent CPL Model. (a) Ideal CPL; (b) Linearized CPL.

B. Model of Dc-Side of Rectifier

At first, the system losses are neglected to model the dc-
side. Thus, the dynamics at the dc-side can be expressed with
the power variation in the dc-link capacitor as

®)

. :Pcap:Prec_Plaadv

where P, indicates the real power stored in the capacitor at
the dc-side, P, indicates the injected real power of the recti-
fier system from ac to dc-side, and P, is the consumed power
by the load connected to the dc-side. It can be formulated as
follows:

©))

Consequently, the dynamics of the dc-link voltage could be
simplified by substituting (9) into (8) such as
dVyc Prec 1 1
= _— 71(](,
dt c Vg C
Remark 2. Notice that the dc-link voltage dynamics in (10)
is a nonlinear system since the dc-link voltage is in the
denominator.

Proaa = Vaclae-

(10)

C. Model of Load at Dc-Link

First, the output current, 1., consists of the currents of the
resistive load and CPL.

Y

where I;. g and I;. cpr indicate the dc-link output currents for
resistive load and the CPL, respectively. The resistive load is
considered as

Lie = Lie g +Lac.cpr (V)

Lic g = CrVyc, (12)

where Cg represents the conductance of the resistive load.
Further, an ideal CPL model is nonlinear; thus, it is common
practice to linearize it at a dc-link voltage operating point,
Vie,0» shown as [42]

FerL v
Vdc,a @ ’

LgecpL(v) =2 (13)

dc,o
where Pcpy, is the constant power. It should be noted that v =
Vie in (13) and V,, is an operating point value (steady-state
value). In (13), the first term is similar to a constant current
load and the second term is the negative resistance part. Each
CPL is connected to the dc microgrid through a transmission
line, as depicted in the equivalent model shown in Fig. 2.
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I1l. CONTROLLER DESIGN FOR PWM RECTIFIER

There are various controllers, which are designed based on
the dynamics in (7) directly [9], [10]. However, the steady-
state performances in terms of real and reactive powers are
not good since the dynamics in (7) is a time-varying system.
Recently, a relationship between the DPC model and system
model in the d-q frame is investigated [12]. One of the most
important merits is that it obtains a linear time invariant system
for the DPC model.

A. VWoltage Modulated DPC
The new VM inputs are set as follows [43]:

UGYM1 = Vsallq +VspUB, (14)
UGYM1 = Vsl — VsalUlg

Remark 3. With the new control inputs defined in (14) the

dynamics of the active and reactive powers of the rectifier in

(7) are changed into an LTI system as

P R 3, 03
& Sp w2y

ar =Lt 09 gV g ey 15)
o _ ) Ry S

dr L, < or,tovme

Definition 1. The errors of injected active and reactive powers
of the rectifier are defined as

ep:=P" — P,

€Q = Q* - Q7
where P* and Q* are the injected active and reactive power
references at the ac-side, respectively.

(16)

Theorem 1. Consider the system in (15) and the controller

2Ls (R 3
UGvm1- =— (SP+ 0Q+ -V} +KPp€P+KPi/epdt> ;

3 \ L 2L
2L R
UGV M2- :TS (—(DP+ LSQ-‘rKQpeQ-‘rKQi/eth> ,
A

a7
where Kpp, Kpi, Kgp, and Kg; are any positive values; the
closed-loop interconnection of the system and controller is
exponentially stable. O
Proof. At the first step, the error dynamics are obtained as
ép =P —P,
ép=0"-0.
For the sake of simplicity, P* and Q* are considered as
constants in this part. Then, (18) is changed to

(18)

R, 3, 3
p= SPtwQ+—V2i-—
ép L + Q+2LS £ 2LS“GVM17
R 3 (19
éo=—0P+ >0~ UGVM2-

Ly 2L
If substituting (17) into (19), the closed-loop system can be
obtained as

ép = —Kppep — Ko, / epdt,

(20)
éQ = —KQPEQ —KQl‘/é‘le.

If the following variables are defined as

Vp=ep, VYo=ep, 2n

then, the whole closed-loop system can be expressed with the
combination of (20) and (21) like:

ép —Kp, —Kp; 0 0 ep
Yp - 1 0 0 0 Yp
¢0 0 0 —Kgp —Koi| |eo (22)
ol Lo o 1 0 ]l|w
—_———
X Ac x

It should be noted that x and A, are the state and the state-
space matrix of the closed-loop system in (22), respectively.
It is obvious that if Kp, > 0, Kp; >0, Kg, >0, and Kg; > 0,
then all the eigenvalues of A. have negative real part, i.e., the
closed-loop system is exponentially stable. O

Finally, the original control inputs are obtained as

Vsa UGV M1 — VsBUGV M2 VsBUGYM1 T Vsa UGV M2
Ug = V2 5 uﬁ - V2 .
s

N

(23)

B. Dc-Link Voltage Controller

In this part, the main objective is to control the dc-link
voltage at a constant level even in the presence of uncertainties
or disturbances. For this reason, an SMC method is designed
to obtain an enhanced performance in terms of the dc-link
voltage.

Definition 2. The error of the dc-link voltage is defined as

follows:
eve = Ve = Ve, (24)
where V. is the reference of V..
Definition 3. A sliding surface, s, is defined as
s = Kpycevy + Ky, / ev,.dr, (25)

where Kpy, and Kjy, are the controller gains. V. is the
reference of Vye.

Then, on the sliding surface (i.e., s = 0), the motion is
governed by

KP»Vdcevdc +K[7Vd1: /eVdcdt =0. (26)

It can be seen that choosing Kpy, >0 and K;y, > 0 guar-
antees that V. converges to V. as t — co. In addition, the
convergence rate can be determined through Kpy, and Ky, .
Moreover, in the SMC method, the following equation is also
satisfied.

s=Kpy,, (V;L — Vdc) +Kry,.ev,,.- 27

Theorem 2. Consider the system in (10), if a control law is
taken as follows:

K1y, CVy s
Prec = Ichdc + #eVm‘ + Kssat(7)7 (28)
KPdez: €
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Fig. 3. Block diagram of the proposed control method (SMC with observer) for a rectifier system in the dc microgrid.

where where d* is the bound of I .. and
s
z i < L.
s o Flsl<lel lim fz0(¢) = 0. (30)
satl( L) =9 41, ifs>e e
-1, ifs<-—e¢

and € is a positive constant value and taking the controller
gain K; > 0, then the system trajectory reaches the boundary
layer |s| < € in finite time.

We omitted the proof of Theorem 2; it can be found in [35].

Remark 7. It should be noted that Assumption 3 is always
acceptable in DC microgrids [31].

Proposition 1. Consider the system in (10), if the observer of
1. is designed based on [44] as follows:

L P,
Remark 4. In order to remove the chattering phenomenon, a t= (24 ==+ V)
. o ) . ) C Ve 31)
saturation function is used instead of the signum function. R
lye = 72— tVye,

Remark 5. From Theorem 2, it can be concluded that V.
reaches the boundary layer |s| < € in finite time. After that,
Ve converges to V. as t — oo based on (26).

Even when there exists a CPL in the dc microgrid, the
conditions of Theorem 2 are satisfied, i.e., V. reaches the
boundary layer |s| < € in finite time.

Remark 6. The generated control input, P, in (28), is sent
to the reference of the real power in (17).

C. Dc-Link Current Observer

In this part, an observer of the dc-link current is designed
to remove the current sensor.

Assumption 3. The dc-link current, 1., in the system (10)
satisfies

d* = sup |I;.(1)], (29)

where 7 is the intermediate state, and ¢ > 0 is the observer
gain, then, I;. converges to l;. as time tends to infinity.

Proof. Firstly, ef, = I — I, is defined. Then, the time deriva-
tive of ey, is obtained as follows:

éldc = idc - idc

; (32)
— :_Eeldc+ldc'

If >0, then e;,, will exponentially converge to zero based

on (30). ]

Consequently, the whole block diagram of the proposed
control method is shown in Fig. 3. It should be noted that
the observer generates a signal that will be used in the SMC
method.
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TABLE |
SYSTEM PARAMETERS USED IN SIMULATIONS AND EXPERIMENTS.
Parameter Symbol | Value | Unit
Power rating Srate 15 kVA
Nominal grid voltage Vsa,rms 150 \%
Nominal grid frequency fs 50 Hz
Filter inductance Ly 6 mH
Filter resistance Ry 0.6 Q
Dc-link voltage Vie 450 \%
Dc-link capacitance C 1.1 mF
Switching frequency fow 10 kHz
Sampling frequency fsa 10 kHz
TABLE Il

CONTROLLER GAINS OF THREE CONTROL METHODS. IOL:
INPUT-OUTPUT LINEARIZATION; SMC: SLIDING MODE CONTROL.

Methods KRVdC K[ﬁvdt_ Kr € 3

PI method 100 2500 - - -

IOL in (33) 100 2500 - - -

SMC in (28) 1 10 100 | 0.2 -
Proposed control

method in (28)+(31) | | 10 | 100 | 05 | 50

IV. PERFORMANGCE VALIDATION

In order to validate the proposed control algorithm, both
simulation and experimental setup are done. The parameters
of the system used in the simulations and experimental tests
are listed in Table I. The performance of the proposed method
is compared with those of the SMC using current measurement
in (28) and the IOL method given as

Prec = 1gcVae +CVac <KP,le,eVd(, + K1y, / ev,,(,dt> ,  (33)

which has a better performance compared to the conventional
PI and feedforward methods [27]. It should be noted that the
inner loop is using the same control strategy and gains, the
VM-DPC. The controller gains of all three methods are listed
in Table II.

A. Simulation Results

In the simulation part, all three control algorithms are
implemented in MATLAB/Simulink and the electrical system
is constructed in PLECS blockset.

The first case is that a dc load (100 ) is suddenly
connected to the dc-link at 0.05 s. The red-dotted line is the
PI method, the solid-blue line is the SMC method with the dc
current measurement in (28), the dashed-green line is the IOL
method in (33), and the dash-dotted-purple line is the proposed
method. As shown in Fig. 4, the PI method has the largest
overshoot and slowest convergence time among four methods.
From Fig. 5(c), it can be observed that the SMC method with
the dc current measurement has the fastest convergence time
and smallest overshoot in the dc-link voltage compared to the
IOL and the proposed methods. However, the proposed control
method only slightly increases the overshoot of dc-link voltage
compared with the SMC using the current measurement. In
addition, the reactive power is changed from O Var to 1 kVar
at 0.75 s. All three methods have a small overshoot at the

TABLE Il
DC-LINK VOLTAGE PERFORMANCE COMPARISONS OF FOUR CONTROL
METHODS WHEN THE DC LOAD IS CHANGED FROM 460 Q TO 153 Q.
CONVERGENCE TIME: DC-LINK VOLTAGE REACHES +0.1 V.

Methods Overshoot | Convergence time
PI method 2.27% 204 ms
IOL in (33) 0.33% 34 ms
SMC in (28) 0.19% 3.3 ms
Proposed control 0.21% 33 ms

method in (28)+(31)
Control implementation has —30% of C

IOL in (33) 0.36% 43 ms
SMC in (28) 0.20% 4.2 ms
Proposed control
method in (28)+(31) | 0% 3.6 ms
450 I
S - Pl
o445 ! oL
>° —smMC
—SMC+DOB
440 L L L L L
0.05 0.1 0.15 0.2 0.25 0.3
Time (s)

Fig. 4. Dc-link voltage when the dc load is changed from 460 Q to 153 Q.
at 0.05s.

real power and in the dc voltage. A comparison of overshoot
and convergence time of the dc-link voltage is summarized in
Table III. Fig. 6 shows that the trajectory with the proposed
method reaches its sliding surface in a finite time and remains
inside the boundary layer in accordance with Theorem 2. After
that, it converges to its equilibrium point smoothly. Finally, we
also test a case where there is a parameter mismatch between
the control implementation and real system and the capaci-
tance of the dc-link capacitor will be decreased after a certain
operation time. In this case, we assume that the capacitance in
the control implementation has —30% of the nominal value.
From Fig. 7, we can observe that the performance of the
proposed control method is slightly affected by the parameter
mismatch, but it is still better than the performance of the IOL
method without parameter mismatch. The performance of the
IOL method is adversely affected since the IOL method is
sensitive to parameter and model accuracies.

We also test the proposed method by considering of unbal-
anced/distorted grid voltages. Fig. 8 shows the performance
of the proposed control method when v, has 10% sag, and
Fig. 9 shows the performance of the proposed method when
the grid voltages have 2% 5th and 1% 7th harmonics, where
the total harmonic distortion (THD) is 2.2%. From the results
compared with Fig. 5, it can be observed that the system
with the proposed method is working well at such operation
conditions.

B. Experimental Results

The effectiveness of the proposed method is validated by
using a three-phase 15-kVA voltage source converter with an L
filter. Three control algorithms are implemented in the DS1007
dSPACE system, as shown in Fig. 10(a). The ac grid voltages
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are generated through a grid simulator and measured by using
the DS2004 high-speed analog-to-digital board. Moreover, in
the dc-link, a resistive load and an inverter with resistive loads
are connected, as shown in Fig. 10(b).

In the first case, the dc load is changed from 460 Q to
153 Q, as shown in Fig. 11. It can be observed that the IOL
method has the largest overshoot and longest convergence time
of the dc-link voltage compared to the two other methods,
and a comparison of overshoot and convergence time is
summarized in Table IV. The proposed method has a slightly
smaller overshoot and larger convergence time of the dc-link
voltage than those of the SMC method using the current
measurement, since the observer introduces a slight lag. On the
other hand, the observer is able to decrease the effect from the
unbalanced ac currents caused by the unbalanced parameters
on the ac-side, which cause harmonic oscillations on the
dc-side, as shown in Fig. 11. Fig. 12 shows the measured
performance when the reactive power is changed from 0 Var
to 1 kVar. The proposed method and the SMC method with
the current measurement have a slightly larger overshoot and
longer convergence time. However, the IOL method has larger
overshoot and longer convergence time even though the inner
loop controller is the same.

The robustness to the parameter uncertainty is also tested,
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TABLE IV
MEASURED PERFORMANCE OF DC-LINK VOLTAGE AMONG THREE
CONTROL METHODS WHEN THE DC LOAD IS CHANGED FROM 460 Q TO
153 . CONVERGENCE TIME: DC-LINK VOLTAGE REACHES +0.5 V.

Methods Overshoot | Convergence time
IOL in (33) 1.33% > 900 ms
SMC in (28) 0.89% 40 ms
Proposed control
method in (28)+(31) | 4% 60 ms
IOL e onecor
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from 0 Var to 1 kVar. (a) IOL, (b) SMC, (c) proposed control method.
(Yellow line: V. [5 V/div], green line: i;, [10 A/div], pink-red line: P [1
kWrdiv], and sky-blue line: Q [2 kVar/div].)

as shown in Fig. 13, where the capacitance of the dc capacitor
has —30% error in the control implementation. It can be seen
that the IOL method is the most sensitive to the parameter un-
certainties compared to the other two methods. The proposed
method has a slightly larger overshoot due to the parameter
uncertainty. Lastly, a CPL (e.g., an inverter) is connected into
the dc microgrid. From Fig. 14, it can be seen that the proposed
method is regulating the dc-link voltage well even when the
CPL is suddenly connected into the dc microgrid.

V. CONCLUSIONS

A three-phase PWM rectifier was controlled by the proposed
control strategy, which has a dc-link current observer based
SMC in the outer loop and a voltage modulated-DPC in the
inner loop. The SMC was applied to generate the real power
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reference in the inner loop in order to make sure the dc-
link voltage to be within a certain level in the dc microgrids
even there exist CPLs. Furthermore, an observer for the dc-
link current was designed in order to remove the need for a
current sensor. Both simulation and experimental results show
that the proposed method effectively reduces the overshoot of
the dc-link voltage and is robust to parameter mismatch of the
capacitance value in the dc-link.
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