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Optimum Control Scheme of Output Voltage Based
on Cascaded H-bridge DVR

Fei Jiang, Member, IEEE, Siju Cheng, Chunming Tu, Member, IEEE, Qi Guo, Qing Li, and Cheng Chen

Abstract—This study presents an optimum control scheme to
maximize the output voltage level number of the cascaded H-
bridge dynamic voltage restorer (CHB–DVR). The relationship
between the modulation index and the output voltage level
number is analyzed in detail. The compensation reference volt-
age value is adjusted with the voltage drop depth to obtain
high-quality output voltage with an acceptable total harmonic
distortion. Thus, the modulation index remains within a certain
range and thus meets the requirements of the maximum level
number technique (MLNT). In addition, an improvement method
based on the MLNT is proposed to achieve minimum active
power absorption from a direct current link of the CHB–DVR.
The traditional in-phase compensation and optimum control
strategies are implemented to analyze the output voltage quality
for verifying the feasibility of the proposed approach. Simulation
and experimental results show the effectiveness of the proposed
control scheme.

Index Terms—Compensation scheme, DC-link voltage,
dynamic voltage restorer, harmonic distortion.

I. INTRODUCTION

VOLTAGE sag in distribution networks is a common
power quality problem that causes numerous losses for

customers [1]–[3]. The main causes of voltage sags are short-
circuited faults, but they can also be caused by starting huge
motors and energizing transformers [4], [5]. Severe voltage
sags can lead to serious negative effects on industrial produc-
tion and residents’ lives. Thus, loads with a constant voltage
must be provided during sags.

Transformer-based regulations and inverter-based voltage
regulators are two main voltage regulation methods [6], [7].
Although the transformer-based regulator is widely adopted
in electrical power systems, its dynamic response is limited
by the slow movement of the taps or movable contacts [8].
Inverter-based regulators use power electronics technology to
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regulate the output voltage. This type method is suitable for
applications requiring a variable voltage output [9]. A new
method has been presented to minimise real power loss and
improve voltage profile in distribution systems [10].

A dynamic voltage restorer (DVR) is an effective device to
mitigate voltage sags [11]. For traditional DVRs, the compen-
sation voltage is injected through a series transformer [12],
[13]. At present, a cascaded H-bridge (CHB) DVR (Fig. 1)
is receiving extensive research attention [14]. The CHB–DVR
generates a stepped output voltage that is closely related to
total harmonic distortion (THD). For the same number of
power electronics, H-bridge multilevel topologies can increase
the level number of an inverter output voltage [15]. Thus,
research on H-bridge focuses on increasing the number of
CHB–DVR modules [16]; however, the methods unavoidably
increase the cost of the device. Other studies have paid
intensive attention to optimization algorithms that minimize
the THD of stepwise output waveforms [17]. In [18], an
economical and effective CHB-multilevel inverter is utilized
to minimize the number of switches and direct current (DC)
voltage sources.
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Fig. 1. Schematic of a CHB–DVR system.

Several multilevel inverters have been proposed to ensure
that the CHB–DVR generates the required compensating volt-
age. However, the main issue is the close relationship of the
output voltage level number for the CHB–DVR to the voltage
sag depth [19]. That is, shallow voltage sags only lead to a
small modulation index, and the level of the output stepped
voltage is low. By contrast, deep voltage sags lead to a large
modulation index and a high level number of stepped voltages.
Therefore, the traditional CHB–DVR does not consistently
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output a compensation voltage with the maximum level num-
ber under different sag depths.

In [20], a DC–DC converter is used to change the modula-
tion index by adjusting the DC-link voltage of the DVR; thus,
the output voltage of the inverter is consistently at the max-
imum level. In [21], a mathematical relationship is proposed
by computing the distortion at the point of common coupling
to select the proper level number under different conditions.
In [22], an adjustable DC-link voltage structure that uses a
solar energy conversion system is proposed. Although this
adjustment is interesting, the method requires a nearly constant
DC-link voltage [23]. Moreover, frequent adjustments of the
DC-link voltage may cause problems in system security and
stability [24]. In [25], the turn ratios of the transformer are
considered variable; thus, a novel method for changing the
amplitude of the input voltage is provided.

In this study, an optimum control scheme is presented
to maximize the output voltage level number of the CHB–
DVR for obtaining a high-quality output voltage with an
acceptable THD. The proposed method is based on adjusting
the compensation reference voltage value with the voltage drop
depth; thus, the method can avoid frequent adjustments of
the DC-link voltage. Therefore, the CHB–DVR is successful,
especially for shallow voltage sags.

The remainder of this paper is organized as follows. Sec-
tion II introduces the topology and compensation scheme of
the CHB–DVR. In Section III, the relationship between the
modulation index and the output voltage level number of the
multilevel inverter is analyzed in detail. In Section IV, the
maximum output level scheme that adjusts the compensation
voltage reference values is proposed. Sections V and VI
demonstrate the performance of the control scheme through
simulations and experimental results, respectively. Section VII
discusses the comparative analysis of the THDs of the output
voltages between different schemes. Section VIII presents the
conclusions drawn from this study.

II. TOPOLOGY AND COMPENSATION SCHEME

A. Topology

A single-phase configuration of a CHB–DVR is illustrated
in Fig. 2. The CHB–DVR includes three modules, namely, the
input, DC-link and output modules. In the input module, three
parallel inverters (SM) are connected to the grid through a
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Fig. 2. Topology of the CHB–DVR system.

multi-winding transformer, and each parallel inverter is with a
filter (Lz), to eliminate the high frequency ripples. The output
module, which has a seven-level cascade inverter, is connected
to the grid through a series transformer (Na) and an LC
filter. The output module and the input module are connected
through the DC-link capacitor (Cdc). The input module aims to
stabilize the DC-link voltage. The DC-link module provides
the compensating energy, and the output module injects the
compensation voltage through an LC filter.

The CHB–DVR compensates for voltage sags. The injection
voltage is expressed as:

udvr = uLoad − uS (1)

where udvr is the compensation voltage, uLoad is the rated
load voltage (the reference load voltage) and uS is the source
voltage during sags. In the present study, phase-shifted carrier
pulse width modulation (PSC–PWM) is used in the CHB–
DVR [26], [27], and the output fundamental voltage value is
expressed as:

udvr = Nmudc sin(ωst+ θs) (2)

where N is the CHB module number, m is the modulation
index, udc is the DC-link voltage for each module, ωs is the
angular frequency and θs is the starting phase angle. In (2), the
amplitude of the inverter fundamental output voltage is related
to N , m and udc. Thus, the modulation index is calculated as:

m =
udvr

Nudc
(3)

In (3), when N is selected, two methods are observed to
increase the modulation index m. The first method decreases
udc, and the second increases udvr. However, the former may
easily worsen the CHB–DVR stability given the frequent DC-
link voltage fluctuations [28]. Thus, the latter is selected for
the present study.

B. Compensation Scheme
The voltage compensation scheme of the CHB–DVR pri-

marily includes three methods, namely, the in-phase, phase
advance and minimum energy compensation schemes [29],
[30]. In Fig. 3, “O” is the center of the amplitude trajectory
circle of the load voltage (dotted circle), upre is the load voltage
before the sag, uS is the system voltage after the sag, iL is the
load current after the sag, ∆θ is the phase jump angle and udvr
is the amplitude of the output compensation voltage. For the
first two schemes, the amplitudes of the compensation voltage
udvr are constant when us is detected, as depicted in Figs. 3(a)
and (b).

However, the minimum energy compensation scheme re-
tains a constant load voltage by minimizing the active power
exchange between the DC-link module and the external power
system. In Fig. 3(c), the solid circle is the compensation
limited range of the CHB–DVR, its center (Point “C”) is
the end of uS, ϕL is the phase angle of the load, uref is the
compensation reference voltage, β is the phase angle of the
compensation reference voltage and ϕdvr is the phase angle of
the output compensation voltage.
β increases (decreases) when uref has a clockwise (anti-

clockwise) rotation. Moreover, the fundamental amplitude of
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Fig. 3. Phase diagram of the different compensation schemes during sags:
(a) in-phase compensation; (b) phase advance compensation; (c) minimum
energy compensation.

the inverter output voltage can be changed flexibly within a
certain range by adjusting β [31]. In Fig. 3(c), the dotted circle
and its intersection region (Arc AB) are the adjustment ranges
of uref, in which β can vary. In ∆DOC, the cosine theorem
can be derived as:

∠DOC = arccos
|uref|2 + |us|2 − |udvr|2

2 · |uref| · |us|
(4)

In Fig. 3(c), when uref is rotated to any position on Arc AB,
we obtain:

u2dvr = u2ref + u2s − 2urefus cos(β −∆θ) (5)

and

udvr =
√
u2ref + u2s − 2urefus cos(β −∆θ) (6)

Equation (6) indicates that the compensation amplitude udvr
of the CHB–DVR output voltage can be changed by rotating
the phase angle β of the load reference voltage uref. The
amplitude range of udvr is controlled by β. Therefore, the
modulation ratio can be increased by adjusting β without
changing the DC-link voltage.

III. MAXIMUM LEVEL NUMBER SCHEME

When the modulation ratio is flexibly controlled, the max-
imum level number of the compensation voltage is easily
achieved [32]. In this section, the maximum level number
scheme of the output voltage is introduced in detail.

A. Relationship Between Output Voltage Level and Modula-
tion Index

In this study, we select the unipolarity PSC–PWM because
of its high DC-link voltage utilization. In Fig. 4, the modulator
signal is f(t) = m sin(ωst), and the peak values of the triangle
carriers are 1. Tri1 controls Sij , and Tri2 controls Sik, where
i = 1, 2, · · · , n; j = 1, 2; and k = 3, 4. The phase difference
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Fig. 4. Diagram of the PSC–PWM.

between Tri1 and Tri2 is π, and Tr(i+1)1 leads to Tri1 with π/n.
In Figs. 2 and 4, Si1 turns on when f(t) > Tri1. By contrast,
Si2 turns off when f(t)Tri1. Si4 turns on when f(t) > Tri2,
whereas Si3 turns off when f(t)Tri2.

In Fig. 4, θ′1 is the intersection point of Tr11 and f(t), while
θi is the intersection point of Tri2 and f(t). PWM theory posits
that and θi are the voltage phases of the starting and ending
times, respectively. When each CHB module has a high output
voltage level number, the phase difference is:

σ = θ1 − θ′1 (7)

We select PWM natural sampling [29] and rewrite (7) as:

σ ≈ σ1 − σ′1 (8)

From the similar triangle principle in ∆ABC, we can obtain
(9) as:

AO

AB
=
m

1
=
OD

BC
=

σ/2

Tcs/4
=

2σ

Tcs
(9)

where TCS is the carrier period. PSC-PWM is usually applied
to the drive pulse for the CHB inverter, and the shifted phase
of the triangular carrier for cell x relative to that for cell 1 is
expressed as [33]–[36]:

θx − θ1 =
(x− 1)

N
π (10)

where x = 1, · · · , N . Using two-cell CHB as an example,
the shifted phases of the triangular carriers for cells 1 and 2
are 0◦ and 90◦, respectively. Moreover, when x = N , (11) is
derived from (10) as:

θN − θ1 =
(N − 1)

N
π (11)

To obtain the (2N + 1) level, θn ∈ (σ′1, σ1). (12) is derived
as follows from (7), (8) and (11) [37]:

N − 1

N
π < σ =

m

2
Tcs (12)

Considering that TCS = 2π in (12), we have:

m >
N − 1

N
(13)
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B. Principle of the Maximum Level Output

In this study, udvr is defined as:

udvr = Nmudc (14)

To obtain the maximum level, (3) is substituted into (12),
and m < 1 and TCS = 2π are considered. Thus,

(N − 1)udc < udvr < Nudc (15)

Considering (5) and (15), if the inverter outputs the maxi-
mum level, then the compensation voltage must satisfy:

(N − 1)udc <
√
u2ref + u2s − 2urefus cos(β −∆θ) < Nudc

(16)

Furthermore, (16) is simplified as:

β1 < β < β2 (17)

where

β1 = ∆θ + arccos
u2ref + u2s − (N − 1)2u2dc

2urefus
(18)

and

β2 = ∆θ + arccos
u2ref + u2s −N2u2dc

2urefus
(19)

From (16)–(19), when the voltage sag (uS) is detected, ∆θ
should be calculated. Considering that udc and N are chosen,
β is only related to uref. Thus, the amplitude of the inverter
output voltage can be controlled to achieve the maximum level
by adjusting β.

IV. IMPROVEMENT OF MAXIMUM LEVEL
NUMBER SCHEME

We expect the CHB–DVR to not only output maximum level
numbers but also absorb minimum energy from the DC-side.

A. Minimum Energy Angle Scheme

In Fig. 3(c), the single-phase CHB–DVR outputs the active
power as follows:

pdvr = urefiL cosϕL − usiL cosϕS (20)

If pdvr > 0, then the CHB–DVR outputs the active power;
if pdvr < 0, then the CHB–DVR absorbs the active power; and
if pdvr = 0, then the CHB–DVR has no active power exchange
with the power network. In (20), if ϕL, uref and iL are constant
values, then the active exchange between the CHB–DVR and
the system depends on the magnitudes of uS and ϕs.

If pdvr = 0, then the CHB–DVR has no active power
exchange with the system. Simultaneously, (20) is rewritten
as:

ϕS = arccos

(
uref cosϕL

uS

)
(21)

where ϕS = ϕL + ∆θ − β. Thus, the following is achieved:

β = ϕL + ∆θ − arccos

(
uref cosϕL

uS

)
(22)

where |uref cosϕL/uS| < 1. Thus, using (20), the following
can be obtained:

∂pdvr

∂β
= −usiL sin(ϕL + ∆θ − β) (23)

If ∂pdvr/∂β = 0, then pdvr will be the smallest value. At
this time,

ϕL + ∆θ − β0 = 0 (24)

Using (22) and (23), the amplitude and phase angle of the
compensation voltage can be determined as:

udvr =
√
u2s + u2ref − 2usuref cos(β0 −∆θ) (25)

and

ϕdvr = β0 + arccos

(
u2dvr + u2ref − u2s

2udvruref

)
(26)

respectively.

B. Improvement Minimum Energy Angle Scheme Based on
Maximum Level Output

When the minimum energy angle β0 does not satisfy (17),
an improvement minimum energy angle is adopted. In Fig. 3(c)
and (17), changing the load reference voltage phase is helpful
in moving β0 to β1, β2. Then, the CHB–DVR can output the
maximum level. Two cases are available for selecting β0.

Case 1: When β1 < β0 < β2, pdvr is consistently larger
than 0. That is, the CHB–DVR will output the active power.
Thus, the minimum power output value can be calculated as:

β′0 = P−1[min(p(β1), p(β2))] (27)

Case 2: When β1 < β0 < β2, pdvr is constantly smaller
than 0. That is, the CHB–DVR will absorb the active power.
Thus, the maximum power can be calculated as:

β′′0 = p−1[max(p(β1), p(β2))] (28)

Using (27) and (28), the amplitude and phase of the
compensation voltage are recalculated to achieve an optimum
compensation voltage.

In summary, when voltage sag occurs in the system voltage
resource, the power supply must provide as much active power
as possible, and the CHB–DVR must output the least active
power. To satisfy the maximum output level condition, the
load reference voltage vector uref must be slowly rotated to
the point of the smallest value, where the CHB–DVR outputs
the active power based on upre. Otherwise, uref rotates to the
maximum point, where the CHB–DVR absorbs active power
based on upre. In this study, the outer loop is the load voltage
instantaneous value feedback, and the inner loop is the filter
capacitor current instantaneous value feedback. The control
block diagram of the voltage compensation control strategy is
exhibited in Fig. 5.
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C. Operation Sequence Analysis

The flowchart of the proposed control scheme is displayed
in Fig. 6, where dsag is the drop amplitude of the grid voltage.
If dsag ≥ 5%, then grid voltage sag is detected, and the
CHB–DVR outputs the compensation voltage. Otherwise, the
compensation voltage cannot be generated. Then, ϕS and
∆θare detected, and β0 is calculated using (23) and (24). (16)
is used to determine whether β0 satisfies the maximum output
level condition. If the condition is satisfied, then β does not
require rotation. If the condition is unsatisfied, then β must
be slowly rotated until the requirements of (27) and (28) are
satisfied. Accordingly, the compensation voltage is generated.

Calculate β
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No

start

Compensation
voltage

Initialization

No

end

dsag 5%

βi=βi+∆β

β∈(β1,β2)?

pmin=pi βmin=βi

Fig. 6. Flowchart of the phase adjustment of the load reference voltage.

V. SIMULATION RESULTS

In this section, we present the simulation results to support
the validity of the proposed optimum control scheme. The
simulations of the circuit model, as shown in Fig. 2, are per-
formed in the MATLAB software. The simulation parameter
values are listed in Table I.

A. Traditional In-phase Compensation Strategy

The plots of the performance of the CHB–DVR based on
the in-phase compensation strategy are illustrated in Fig. 7.

From 0.10 s to 0.55 s (the first stage), the load impedance
is 23.325 + j20.567 Ω; from 0.55 s to 1.00 s (the second

TABLE I
SIMULATION PARAMETERS OF THE CHB–DVR

Parameters Variable Value
System source uS 311 V
System impedance ZS 0.02 Ω
Switching frequency — 6.4 kHz
DC-link capacitor Cdc 5000 µF
DC module voltage Udc 40 V
LC filter Lf , LC 1.5 mH, 40 µF
Series transformer n1: n2 1:1
Multi-winding transformer k1: k2: k3: k4 2:1:1:1
Filter inductor Lz 0.6 mH
Number of CHBs — 3
Load 1 ZLoad1 23.325 + j20.567 Ω
Load 2 ZLoad2 23.325 + j78.5 Ω
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Fig. 7. Simulation results of the CHB–DVR under in-phase compensation.
Top to bottom: (a) source voltage uS, compensation voltage udvr and load
voltage uLoad; (b) active power pdvr and reactive power qdvr; (c) stepped
output voltage of the inverter uIOV; (b) load current iLoad.

stage), the load impedance is 23.325 + j78.5 Ω. As shown
in Fig. 7(a), the source voltage has four voltage sags during
different periods and has a depth of 25% of the nominal
value during 0.2–0.3 s and 0.6–0.7 s and a depth of 5%
of the nominal value during 0.4–0.5 s and 0.8–0.9 s. As
shown in Fig. 7(a), the CHB–DVR can inject compensation
voltage udvr to keep load voltage uLoad constant during the four
sags. Moreover, the in-phase compensation strategy causes the
CHB–DVR to output the active and reactive powers during
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different sags, as shown in Fig. 7(b). As shown in Fig. 7(b),
the CHB–DVR adopting the traditional scheme requires active
power from the DC-link during different sags.

As shown in Fig. 7(c), the compensation voltage level
number uIOV is 7 when the drop depth is 25% of the nominal
value. However, when the drop depth is 5% of the nominal
value, the uIOV level number is 3. Thus, the level numbers of
the output voltage vary with different depths of the voltage
sags. Moreover, when the load changes from the first stage
to the second stage, the output voltages of the CHB–DVR
are unchanged during different sags. As shown in Fig. 7(d),
the load current can realize smooth translation, and no current
surge exists between the different stages.

Figure 8 demonstrates the different harmonic contents for
different sags. In Fig. 8(a), the CHB–DVR can flexibly output
different compensation voltages in 0.2–0.3 s, 0.4–0.5 s, 0.6–
0.7 s and 0.8–0.9 s. However, as shown in Fig. 8(a), the THDs
of the compensation voltages are 1.46% and 1.51% during
0.2–0.3 s and 0.6–0.7 s, respectively. As shown in Fig. 8(c),
the THDs of the compensation voltages are 6.65% and 6.70%
during 0.4–0.5 s and 0.8–0.9 s, respectively. Fig. 8(a) indicates
that shallow voltage sags increase the THDs of the compen-
sation voltage. Therefore, the CHB–DVR is unsuccessful for
shallow voltage sags.
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Fig. 8. Harmonic content under in-phase compensation strategy. Top to
bottom: (a) compensation voltage udvr; (b) load current iLoad.

B. Optimum Control Scheme Proposed

The plots of the performance of the improved CHB–DVR
optimum compensation strategy are displayed in Fig. 9.

During the first stage, the load impedance is 23.325 +
j20.567 Ω. When the depth of a voltage sag is 25% of the
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Fig. 9. Simulation results of the CHB–DVR under in-phase compensation.
Top to bottom: (a) source voltage uS, compensation voltage udvr and load
voltage uLoad; (b) active power pdvr and reactive power qdvr; (c) stepped
output voltage of the inverter uIOV; (b) load current iLoad.

nominal value during 0.2–0.3 s, the maximum output level
and the minimum power energy can be achieved if the range
of the reference voltage phase angle is (4.04◦, 19.54◦). (23)
indicates that the theoretical value of the minimum energy
angle βmin must be 41.12◦, which is not within (4.04◦,
19.54◦), to obtain the minimum output active power. Thus,
β0 must be re-adjusted. Using (27) and (28), β0 is obtained as
19.54◦. Using (23) and (24), the amplitude and phase angle
of the compensation voltage are re-calculated to output the
compensation voltage. In the meantime, when the voltage sag
is 5% during 0.4–0.5 s, the range of the reference voltage phase
is (14.87◦, 22.64◦). The theoretical value of the minimum
energy angle βmin is 3.54◦, which is also not within (14.87◦,
22.64◦). Thus, β0 must be re-adjusted; therefore, β0 is 14.87◦.
On the basis of (23) and (24), the amplitude and phase angle
of the compensation voltage are re-calculated to output the
compensation voltage.

During the second stage, the load impedance is 23.325 +
j78.5 Ω. When the depth of a voltage sag is 25% of the nominal
value during 0.6–0.7 s, the maximum output level and the
minimum power energy can be achieved if the range of the
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reference voltage phase angle is (4.04◦, 19.54◦). (23) indicates
that the theoretical value of the minimum energy angle βmin

is 5.77◦, which is within (4.04◦, 19.54◦). Thus, the CHB–
DVR can achieve the minimum active power and the maximum
output level. When the voltage sag is 5% of the nominal value
during 0.8–0.9 s, the range of the reference voltage phase is
(14.87◦, 22.64◦). The theoretical value of the minimum energy
angle βmin is 0.90◦, which is not within (14.87◦, 22.64◦).
Using (27) and (28), β0 is obtained as 14.87◦.

As shown in Fig. 9(a), voltage sags occur with four different
depths, the CHB–DVR can always inject a compensation
voltage udvr and the load voltage uLoad can maintain a constant
value. Fig. 9(c) shows that the level number of the output
voltage is always 7 when the improvement minimum energy
angle scheme is adopted. On the one hand, the DC-link
outputting the active power is less than that in traditional in-
phase compensation strategie during 0.2–0.3 s and 0.6–0.7 s.
For example, the DC-link outputs a small number of the active
power (nearly 100 W) in Fig. 9(b), while it outputs a lot of the
active power (nearly 250 W) in Fig. 7(b) during 0.2–0.3 s. On
the other hand, the DC-link does not output the power during
0.4–0.5 s and 0.8–0.9 s while it absorbs the active power that
is fed back to the power system through the input module.

Figure 10 plots the different harmonic contents for differ-
ent sags based on the improvement minimum energy angle
scheme. In the first stage shown in Fig. 10(a), the THDs of
the output voltages of the inverter are 1.35% and 2.03% in
0.2–0.3 s and 0.4–0.5 s, respectively. In the second stage, the
THDs of the output voltages of the inverter are 1.54% and
2.09% in 0.6–0.7 s and 0.8–0.9 s, respectively. Therefore, the
proposed scheme is superior to the control scheme depicted
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Fig. 10. Harmonic content under in-phase compensation strategy. Top to
bottom: (a) compensation voltage udvr; (b) load current iLoad.

in Fig. 8, especially for shallow voltage sags (0.4–0.5 s and
0.8–0.9 s).

VI. EXPERIMENT RESULTS

A single-phase experiment, as shown in Fig. 11, is con-
ducted to verify the proposed scheme. The system parameters
are the same as those in the simulation system, as shown in
Table I. A control hardware in the loop test bed configuration,
based on the control-hardware-in-the-loop (CHIL), was built
as shown in Fig. 11. The CHB–DVR was modeled in the
master controller, and the real-time digital simulation (RTDS)
of the model was carried out in the slave controller with a step
size of 10 µs. Control signals are measured at the sampling
frequency of 6.4 kHz and output to the I/O port of an external
TMS320F2812 DSP controller using an interface card. The
scales of the AC voltage and current signals are 50:1 and
10:1, respectively; the scales of DC-link and output stepped
voltages are 40:1 and 30:1, respectively; and the scales of the
power are 50:1.

The Osclloscope

Host
computer

Real-time 
digital simulator

DSP

Behind

Host PC

Real-time
Digital Simulator PC

Sampling
Signal

Hardware PWM
Signalmodel

Conceptual structure
of CHIL simulation

Control
Program

Input

Fig. 11. RT-LAB-based CHIL testing platform.

The performance of the CHB–DVR based on the in-phase
compensation strategy is plotted in Fig. 12. Fig. 12(a) shows
that the source voltage exhibits four sags during different
periods at depths of 25% of the nominal value during ∆t1 and
∆t2 and 5% during ∆t3 and ∆t4. The CHB–DVR can inject
compensation voltage udvr, and load voltage uLoad can maintain
a constant value. As shown in Fig. 12(b), the level numbers of
the output stepped voltage vary with the depths of the voltage
sags. The level number of uIOV is 7 when the depth is 20%
of the nominal value; however, the level number of uIOV is
3 when the depth is 10% of the nominal value. Moreover,
the in-phase compensation strategy causes the CHB–DVR to
output the active and reactive powers during different sags,
as shown in Fig. 7(b). Fig. 12(c) shows that the load current
can realize a smooth translation, and no current surge exists
between different stages. The experimental results are the same
as the simulation results, as exhibited in Fig. 7.

The plots of the performance of the CHB–DVR improve-
ment minimum energy angle scheme are illustrated in Fig. 13.
As shown in Fig. 13(a), the source voltage has four voltage
sags during different periods and has depths of 25% of the
nominal value at ∆t1 and ∆t2 and 5% at ∆t3 and ∆t4. The
CHB–DVR can inject compensation voltage udvr, and the load
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Fig. 12. Experimental results of a CHB–DVR during different voltage sags.
Top to bottom: (a) source voltage uS, load voltage uLoad and compensation
voltage udvr; (b) level number of output stepped voltage uIOV; (c) active
power pdvr and reactive power qdvr; (d) compensation voltage udvr and load
current iL.

voltage uLoad can maintain a constant value. Fig. 13(b) shows
that the level number of the output voltage is always 7 when
the improvement minimum energy angle scheme is adopted.
Therefore, the proposed scheme is superior to the control
scheme depicted in Fig. 12(b), especially for shallow voltage
sags (∆t2 and ∆t4). Fig. 13(c) shows that the DC-link outputs
less power than that in traditional in-phase compensation
strategies (as shown in Fig. 12(c)) at ∆t1 and ∆t3. Moreover,
the DC-link does not output power at ∆t2 and ∆t3 and absorbs
active power, which is fed back to the power system through
the input module. Fig. 13(d) indicates that the load current
can also realize a smooth translation, and no current surge
exists between different stages. The experimental results are
the same as the simulation results, as depicted in Fig. 9.

VII. COMPARATIVE ANALYSIS

On the basis of Figs. 7–10, the comparative analysis of the
THDs of the compensation voltages for different schemes is
shown in Fig. 14.

For case I, Fig. 14(a) shows that the load impedance is
23.325 + j20.567 Ω. When the drop depth is 5% of the
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Fig. 13. Experimental results of the CHB–DVR during different voltage sags.
Top to bottom: (a) source voltage uS, load voltage uLoad and compensation
voltage udvr; (b) level number of the output stepped voltage uIOV; (c) active
power pdvr and reactive power qdvr; (d) compensation voltage udvr and load
current iL.
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nominal value, the THD of the compensation voltage adopting
the proposed optimum scheme is only 2.03%, which is smaller
than that adopting the traditional method (6.65%). As shown
in Figs. 7 and 9, the level number of the output voltage with
the proposed scheme is 7 during the 5% drops, while the level
number of the output voltage with the traditional approaches is
only 3. Moreover, when the drop depth is 25% of the nominal
value, the THD of the compensation voltage adopting the
proposed scheme is nearly equal to that adopting the traditional
scheme. At this time, the level numbers of the output voltage
are 7 during the 25% drops, as shown in Figs. 7 and 9.

For case II, Fig. 14(b) shows that the load impedance is
changed to 23.325 + j78.5 Ω. The THD of the compensa-
tion voltage adopting the proposed optimum scheme is also
superior to that adopting the traditional scheme during 5%
sags due to the higher number levels of the former rather than
the latter, as shown in Figs. 7 and 9. Moreover, the THDs
of the compensation voltage are nearly unchanged in the two
schemes during 25% sags due to the same number levels.

VIII. CONCLUSION

In this study, an optimum control scheme for the output
compensation voltage that maximizes its output voltage level
number is designed for the CHB–DVR. The relationship
between the modulation index and the output voltage level
number is analyzed in detail. The compensation reference
voltage value is adjusted with the voltage drop depth to
generate the maximum level number of the output inverter
voltage. The simulation and experimental results of the CHB–
DVR, which is designed to compensate for different voltage
sags during varying loads, demonstrate different schemes. For
25% and 5% voltage sags, the compensation voltages adopting
the proposed optimum scheme are always seven-level voltages.
This case is impossible in traditional approaches.

The results show that the proposed scheme is very suc-
cessful due to the high-quality output voltage, especially
for shallow voltage sags. The CHB–DVR with the proposed
optimum control scheme will be analyzed in detail in a future
engineering project.
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