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With the skyrocketed development in semiconductor
devices, power electronics converters, either at system-level
or at device-level, are receiving special attention in different
applications as renewable energy sources, drive systems,
power quality applications, High-Voltage DC (HVDC)
transmission, and Flexible AC Transmission Systems
(FACTS). Control of power converters plays a significant role
in meeting the requirements and standards of the relevant
application. For instance, in the grid integration of renewable
energy sources, the quality of the injected power is of
paramount importance where the control is the key player. In
drive system applications, the robustness and high dynamic
performance are a typical demand. Moreover, control of
power converters is the workhorse for energy management
in other applications (e.g., energy storage systems, solid state
transformers, and electric vehicles). The requirements of the
control form a sort of consortium with power electronics
meshing towards the compliance with the application main
needs.

The main purpose of this special issue is to publish high-
quality research papers as well as review articles addressing
recent advances on control for emerging topics in power
electronics.

Control of power converters for emerging applications
of power electronics has been addressed extensively in
literature [1–7] covering the following main areas: control

of DC-AC converters for different applications (e.g., grid
integration, power quality enhancement, FACTS devices, and
HVDC systems); control of DC-DC converters for different
applications (e.g., electric vehicles, DC-DC transformers);
control of AC-DC converters for different applications (e.g.,
renewable energy sources, drive systems, FACTS devices, and
HVDC systems); control of AC-AC converters for different
applications (e.g., drive systems, solid state transformer);
control and management of energy storage systems (e.g.,
batteries, super capacitors, and flywheels); and control of AC
drive systems (e.g., induction machines, permanent magnet
machines, and multiphase machines).

Manymanuscripts have been submitted to this special call
spanning different areas. A brief overview of eachmanuscript
selected for this special issue is presented in the following
part.

B. Yuan et al. present in their paper an improved Phase-
Locked-Loop (PLL) control with alternative damping factors
for Voltage Source Converter (VSC) connected to weak AC
grids where the gains of the PLL have significant impacts
on the power transfer limits. First, the authors prove that
the impedance angle of AC system has a significant impact
on the small-signal stability of the VSC where, with the
same variation tendency of Thévenin equivalent resistance,
the limits of power transmission are changing in opposite
trends for rectifier and inverter. Second, the improved PLL
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with alternative damping factors is proposed based on the
participation factor analysis. Third, the optimal damping
factors of the improved PLL control for rectifier and inverter
are calculated. Simulations and calculations are presented to
validate the following three conclusions:

(i) In rectifying operation, the equivalent system resis-
tance has a negative impact on the stability of the
system and this is not the case for inverting operation.

(ii) Adding the alternative damping factors to PLL control
shows similar results compared with changing the
impedance angle of the AC system.

(iii) The proposed optimal damping factors of PLL can
effectively extend the power transfer limits under
both rectifier and inverter modes.

Q. Zhang et al. present in their paper a simple and efficient
rule-based energy management system of experimental bat-
tery/supercapacitor hybrid energy storage system for electric
vehicles.Themain objective of the proposed energy manage-
ment system is to utilize the supercapacitor characteristics
and to increase the battery lifetime and system efficiency.The
role of the energy management system is oriented towards
battery reference current, which is subsequently used by
the controller of the DC/DC converter. First, a current
controller is designed to realize load current distribution
between battery and supercapacitor.Then a voltage controller
is designed to ensure that the supercapacitor SOC fluctuates
within a preset reasonable variation range. An experimental
platform is developed to verify the proposed control concept.
In addition, the energy efficiency and the cost analysis of
the hybrid system are carried out based on the experimental
results to explore the most cost-effective tradeoff.

High-voltage gain power converters are crucial in pho-
tovoltaic (PV) power generation due mainly to the low
output voltage of PV arrays and the safety concerns. J.-G.
Mũnoz et al. present in their paper performance analysis of
a peak-current mode control with compensation ramp for
a boost-flyback power converter. The closed-loop analysis is
performed where the converter is considered as a piecewise
linear system, and the closed-loop stability is determined. To
avoid overcompensation effects, theminimumvalue required
by the compensation ramp is obtained, and theminimumand
maximum values of the load resistance are found too. The
system has a good transient response under disturbances in
both the load and the input voltage.

Y. Wang et al. present in their paper an improved
Maximum Power Point Tracking (MPPT) algorithm for PV
generation applications based on P-U curve reconstitution
especially due to the fact that the P-U curve changes dynam-
ically with the change of irradiance and temperature. The
mathematical model of the PV array is presented, and then
the output dynamic characteristics are analyzed. Based on
this, a P-U curve reconstitution strategy is introduced, and
the improved MPPT algorithm is proposed. Simulation and
comparative analysis are conducted. Results show that, with
the proposed algorithm, MPP is tracked accurately, and the
misjudgment problem is solved effectively.

Y. Wang et al. present in their paper a PMSM rotor posi-
tion detection based on hybrid optical encoder and R-Signal
zero-setting scheme; particularly rotor position detection is
a prerequisite for achieving good control performance of
PMSM and it is difficult to detect rotor position and achieve
R-Signal zero-setting. This encoder can do absolute and
incremental rotor position detection simultaneously; here,
the former is used for acquiring imprecise rotor position
and the latter is for precise rotor position. Two detection
methods of the encoder are analyzed, and a scheme for rotor
position detection is proposed: absolute rotor position is used
for motor starting before achieving R-Signal zero-setting;
once R-Signal zero-setting is achieved, incremental rotor
position detection that has high-precision is adopted. Then
a scheme for R-Signal zero-setting is proposed. Simulation
is conducted, and results show that rotor position detection
and R-Signal zero-setting can be achieved by the proposed
scheme.
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Shehab Ahmed
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Khaled H. Ahmed
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Rotor position detection is a prerequisite for achieving good control performance of PMSM. For a PMSM control system based on
an optical encoder, it is a difficulty to detect rotor position and achieve R-Signal zero-setting. To solve the problem, a hybrid optical
encoder is used in the paper by which a scheme for rotor position detection and R-Signal zero-setting is proposed. This encoder
can do absolute and incremental rotor position detection simultaneously; here, the former is used for acquiring imprecise rotor
position and the latter is for precise rotor position. Firstly, two detection methods of the encoder are analyzed, and a scheme for
rotor position detection is proposed: absolute rotor position is used for motor starting before achieving R-Signal zero-setting; once
achieving R-Signal zero-setting, incremental rotor position detection that has high precision is adopted. Then a novel scheme for
R-Signal zero-setting is emphatically proposed. Finally, the simulation is conducted. Results show that rotor position detection and
R-Signal zero-setting can be achieved by the proposed scheme.

1. Introduction

With the development of permanent magnetic materials and
microelectronic technology, PMSMs have been widely used
in servo systems due to their superior performance [1–3] in
recent years. It is a must to acquire accurate rotor position of
PMSM in order to achieve great control performance of servo
systems [4].

Methods used in detecting rotor position of PMSM are
divided into two types: detection with or without position
sensor [5]. Detection without position sensor, whose algo-
rithm is complex, relies on motor parameters strongly and
is not reliable to get rotor position [6–9] when a motor is in
low-speed operation. As for detection with position sensor,
rotary transformer, incremental and absolute optical encoder
are commonly used. Rotary transformer has advantages of
antipollution, antielectromagnetic interference, and antivi-
bration, which are reliable to work in harsh environment.
However, the output of rotary transformer is analog signals
which are hard to be detected precisely [10]. Rotor position
can be directly detected via absolute optical encoder, but
the price of absolute optical encoder is more expensive;

incremental optical encoder holds a leading position due to
its high performance-cost ratio and high control flexibility.

The difficulty of using incremental optical encoder is
reference signal (named R-Signal) zero-setting and how to
detect rotor position, before a control system is powered on
and rotor position is unknown. Reference [11–13] proposed a
scheme based on stator current vector that can detect rotor
position accurately before a control system is powered on.
However, the rotor will turn during the process and themotor
must not be loaded. Reference [14] used high frequency
impulses to avoid the rotor turning, but the motor must not
be loaded either. Reference [15] proposed a method of R-
Signal zero-setting but the process is complex.

In this paper, a hybrid optical encoder [16, 17] is used
and detection methods of PMSM rotor position based on
the encoder are analyzed; then a scheme is proposed for
rotor position detection and R-Signal zero-setting based on
the encoder. The scheme for rotor position detection is that
absolute rotor position detection is done to acquire an impre-
cise rotor position used for motor starting before achieving
R-Signal zero-setting; once achieving R-Signal zero-setting,
incremental rotor position detection is adopted which has
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Figure 1: The relationship between the voltage of C-Signal and D-
Signal and mechanical angle of rotor.

high precision and is used formotor normal operation. Based
on the characteristics of hybrid optical encoder, a novel
scheme for R-Signal zero-setting is emphatically proposed.
Finally, the simulation is conducted. Results show that the
rotor position detection and R-Signal zero-setting can be
achieved by the proposed scheme.

2. Rotor Position Detection Based on Hybrid
Optical Encoder

Hybrid optical encoder has dual advantages of absolute and
incremental encoder and can do absolute and incremental
rotor position detection simultaneously. The hybrid optical
encoder used in the paper is HEIDENHAIN ERN1387 which
is cited as an example to analyze absolute and incremental
rotor position detection.

2.1. Absolute Rotor Position Detection. As the rotor of PMSM
rotates once, the encoder can produce absolute position
detection signals: C-Signal and D-Signal that are both analog
voltage signals. The characteristics of C-Signal and D-Signal
are as follows: the amplitude of each one is 1 V and the phase
angle of C-Signal is leading 90 degrees compared with that
of D-Signal.The relationship between the voltage of C-Signal
and D-Signal and mechanical angle of rotor is shown in
Figure 1.

In Figure 1, 𝑉C and 𝑉D, respectively, represent the voltage
of C-Signal and D-Signal. The relationship between 𝑉C and
𝑉D and mechanical angle of rotor represented by 𝜃 is

𝑉C = sin 𝜃, 𝜃 ∈ [0, 2𝜋] ,

𝑉D = − cos 𝜃, 𝜃 ∈ [0, 2𝜋] .
(1)

Accordingly, based on the absolute rotor position detection,
the calculating formula for 𝜃 is

𝜃 = arctan
𝑉C
−𝑉D
. (2)

2.2. Incremental Rotor Position Detection. The encoder can
produce incremental position detection signals: A-Signal, B-
Signal, and R-Signal as PMSM rotor rotates. The character-
istics of these signals are as follows: A-Signal and B-Signal
are quadrature encoder pulse (QEP) signals that are used for
pulse counting; R-Signal is a single pulse signal that is used
for clearing pulse counter. Assume that the number of QEP
signals is𝑁 when PMSM rotor rotates once. When the value
of pulse counter is 𝐶

0
, the calculating formula of mechanical

angle is

𝜃 =
2𝜋𝐶
0

𝑁
. (3)

The electrical angle is the product of themechanical angle and
number of pole pairs of rotor. The relationship is shown in

𝜃
𝑒
=
2𝜋𝐶
0

𝑁
⋅ 𝑝, (4)

where 𝜃
𝑒
denotes the electrical angle and 𝑝 denotes the

number of pole pairs.
Equation (4) is based on the situation where electrical

angle of the rotor is 0 when R-Signal is detected, which indi-
cates that R-Signal zero-setting is accomplished. In systems
having R-Signal zero-setting done, (4) can be used for the
calculation of 𝜃

𝑒
; but for systems not accomplishing R-Signal

zero-setting, it is wrong to calculate 𝜃
𝑒
via (4). If (4) were still

used to calculate 𝜃
𝑒
, it would cause serious problems such as

overcurrent and overheat. Therefore R-Signal zero-setting is
the premise of incremental rotor position detection.
𝜃R represents the mechanical angle between the position

where the electrical angle is 0 and the positionwhere R-Signal
is detected. Assume that the number of pulses corresponding
to 𝜃R is 𝐶R and the relationship between 𝜃R and 𝐶R is

𝜃R = 2𝜋 ⋅
𝐶R
𝑁
. (5)

Assume that the value of pulse counter is 𝐶
1
when

R-Signal is detected; then the calculating formula for the
electrical angle 𝜃

𝑒
is

𝜃
𝑒
=
2𝜋 (𝐶R + 𝐶1)

𝑁
⋅ 𝑝. (6)

2.3. Combination Scheme. According to absolute rotor posi-
tion detection, rotor position can be calculated via (2).
However, C-Signal and D-Signal are analog voltage signals
with small amplitude that are susceptible to interference and
hard to be detected precisely.Therefore, the result of absolute
rotor position detection has some errors, which do not affect
motor starting but are not conducive to motors’ running for
a long time.

Compared with absolute rotor position detection, incre-
mental rotor position detection generally has high accuracy
and the signals used for incremental rotor position detection
are all digital signals that are not susceptible to interference,
which contributes to achieving good control performance
of PMSM. However, incremental rotor position detection
cannot work without accomplishing R-Signal zero-setting.
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Based on the above analysis, the combination scheme
of rotor position detection is as follows: absolute rotor
position detection is in use before accomplishing R-Signal
zero-setting; once accomplished, incremental rotor position
detection is applied immediately.

Accurate rotor position can be got via incremental rotor
position detection contributing to the high performance of
servo systems. However R-Signal zero-setting is the premise
of the detection method. The accuracy of R-Signal zero-
setting affects the control performance directly. Nowadays
schemes for R-Signal zero-setting are complex and inefficient,
so it is an urgent need to accomplish R-Signal zero-setting
quickly and easily.

3. R-Signal Zero-Setting Scheme

According to (5) and (6), it can be got that the essence of R-
signal zero-setting is to find 𝐶R corresponding to 𝜃R. If pulse
counter is cleared when electrical angle reaches 0, the value of
pulse counter will be 𝐶R when R-Signal is detected. However
electrical angle cannot be detected directly. To solve this, an
R-Signal zero-setting scheme is proposed.

As is known, electrical angle is the product of mechanical
angle and the number of pole pairs.Therefore whenmechan-
ical angle is 0, electrical angle is 0 accordingly. So if pulse
counter is cleared at the position where mechanical angle is
0, the value of pulse counter is 𝐶R when R-Signal is detected,
thus accomplishing R-Signal zero-setting.

As is shown in Figure 1, when mechanical angle is 0, the
voltage of C-Signal and D-Signal is shown in (7). Therefore
it is reasonable to do R-Signal zero-setting when 𝑉C and 𝑉D
meet

𝑉C = 0,

𝑉D = −1V.
(7)

In practical, C-Signal andD-Signal are analog voltage sig-
nals with small amplitude that are susceptible to interference
and hard to be detected precisely, which brings some errors
between the measured value and actual value. Therefore, the
situation does not exist where voltages of C-Signal and D-
Signalmeet (7); that is to say, the position cannot be gotwhere
the mechanical angle is 0 through the absolute rotor position
detection.

Consider that, as mechanical angle approaches 0, the
voltage of C-Signal is close to 0 and the voltage of D-Signal
is negative. Therefore, an interval can be specified that is
close to the position where mechanical angle is 0 based on
the characteristics of the voltage of C-Signal and D-Signal.
Define the position where mechanical angle is 0 as “Absolute
Zero Point” and the interval close to “Absolute Zero Point” as
“Crude Zero Point.” Equation (8) represents an interval that
is close to “Absolute Zero Point,” so this interval is a “Crude
Zero Point”:

0 < 𝑉C < 0.05V,

𝑉D < 0.
(8)

Figure 2 denotes the relationship between “Absolute Zero
Point” and the “Crude Zero Point” specified by (8).

Point O
“Absolute Zero Point”

Point C 

The “Crude Zero Point” 
specified by (8)

where VC = 0.05V

Figure 2: The relationship between “Absolute Zero Point” and
“Crude Zero Point.”

Set a “Crude Zero Point”

Start the motor based on the absolute
rotor position detection

R-Signal firstly detected

Record the value of pulse counter, and
accomplish R-Signal zero-setting via (5)

Wait

Enter the interval specified by
the “Crude Zero Point”

Wait

Clear pulse counter

Start

End

Yes

Yes

No

No

Figure 3: The flow chart of R-Signal zero-setting scheme.

In Figure 2, the arc represents motion orbit of rotor; the
brown arc represents the part of motion orbit corresponding
to the “Crude Zero Point” specified by (8) and point C is the
right edge of the interval.

Based on the above analysis, R-Signal zero-setting scheme
is as follows: firstly, set a “Crude Zero Point” like (8) before
PMSM is powered on; secondly, start the motor based on the
mechanical angle calculated by the absolute rotor position
detection; thirdly, clear pulse counter when the voltage of
C-Signal and D-Signal meets the relationship shown by the
“Crude Zero Point” set before; finally, once detecting R-
Signal, record the value of pulse counter which is 𝐶R and
calculate 𝜃R via (5) thus accomplishing R-Signal zero-setting.
The flow chart of R-Signal zero-setting scheme is shown in
Figure 3.
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D

Point R
where R-Signal is detected

Positive direction
E

C

Point O
“Absolute Zero Point”

Point C 

The “Crude Zero Point” 
specified by (8)

where VC = 0.05V

Figure 4: Error analysis for R-Signal zero-setting.

4. Discussion

The rotor position calculated by the absolute rotor position
detection is imprecise which can be used for motor starting
but not suitable for motor operation. Incremental rotor
position detection has high accuracy, which is conducive to
the operation of motor, but R-Signal zero-setting must be
accomplished.

According to R-Signal zero-setting scheme, the position
where pulse counter is cleared is at “Crude Zero Point”
instead of “Absolute Zero Point” during the process of
R-Signal zero-setting. A “Crude Zero Point” specifies an
interval that is close to “Absolute Zero Point.” When rotor
position approaches “Absolute Zero Point,” mechanical angle
of rotor will enter the interval specified by a “Crude Zero
Point” more than one time. Therefore pulse counter starts
counting since it is cleared last time, which results in losses
of pulse counting.

Citing the “CrudeZeroPoint” shown in (8) as an example,
the influence of the error between the “CrudeZero Point” and
“Absolute Zero Point” on R-Signal zero-setting is analyzed.
Error analysis is shown in Figure 4.

In Figure 4, the circle represents motion orbit of rotor;
the brown arc represents the part of motion orbit of rotor
corresponding to a “Crude Zero Point”; point C is the right
edge of the interval specified by a “Crude Zero Point”;
and mechanical angle of rotor is increased in a clockwise
direction.

As is shown in Figure 1, the voltage of C-Signal changes
as sine wave with mechanical angle of rotor increasing.
Therefore when motor turns in a clockwise direction, the
voltage of C-Signal increases monotonically in the interval
specified by a “Crude Zero Point.” Then, mechanical angle
of rotor will be close to the right edge of the interval specified
by the “Crude Zero Point,” when 𝑉C and 𝑉D meet (8) for the
last time. Similarly, if motor is turning in an anticlockwise
direction, mechanical angle of rotor will be close to the left
edge of the interval when𝑉C and𝑉D meet (8) for the last time.

Set the two positions where 𝑉C and 𝑉D meet (8) for the
last time as point D (in a clockwise direction) and point E (in
an anticlockwise direction) shown in Figure 4.

According to Figure 4, pulse counter is cleared at point
D when rotor turns in a clockwise direction. When rotor

reaches point R, record the value of pulse counter and
calculate 𝜃R via (5). The result corresponds to the arc DR,
while the actual value corresponds toOR. Obviously,OR >
DR, so the calculated result of 𝜃R is smaller than the actual
one.

Similarly, motor turning in an anticlockwise direction,
the calculated result corresponds to the arc ER that is also
smaller thanOR, so the calculated result of 𝜃R is also smaller
than the actual one.

To summarize, the error between the “Crude Zero Point”
and “Absolute Zero Point” leads to a smaller 𝜃R.

5. Simulation and Analysis

According to the rotor position detection scheme, PMSM
drive and control system is constructed. Figure 5 shows the
diagram of the system. As is shown in Figure 5, vector control
strategy is adopted in the PMSM drive and control system.
The encoder used in the simulation diagram is ERN1387,
which is a hybrid optical encoder. Based on the hybrid optical
encoder, the speed and electrical angle of PMSM rotor can be
acquired by decoding output signals of ERN1387.

Parameters of the motor in the simulation model are as
follows: the stator resistance is 2Ω; the stator inductance is
8.35× 10−4H; the rotor inertia is 1× 10−3 kg⋅m2; the number of
pole pairs is 4; the rated speed is 1000 r/min; the load torque
is 5N⋅m; the initial position of rotor is 𝜋/6 (this value can
be any one within 0∼2𝜋). Parameters of the hybrid optical
encoder are as follows: the number of lines of the grating is
2048; frequency quadruple, 𝜃R, is 𝜋/3 (this value can be any
one within 0∼2𝜋), and the actual value of 𝐶R is 1365.

Figure 6 is the simulation waveform of mechanical angle
of PMSM rotor. In Figure 6, dotted frameA is the waveform
of mechanical angle under the absolute rotor position detec-
tion; and dotted frame B corresponds to the incremental
rotor position detection. To reflect differences between the
two rotor position detection methods, waveforms in dotted
frame A and B are both amplified. As shown in dotted
frame A, mechanical angle changes from 𝜋/6, and the
waveform is not smooth. In dotted frame B, mechanical
angle varies smoothly. It can be got from Figure 6 that PMSM
rotor initial position can be acquired by the absolute rotor
position detection. Besides, compared with the incremental
rotor position detection, the absolute rotor position detection
does not affect PMSM starting but is not conducive to
PMSM normal operation. What is more, the continuous
variation of mechanical angle in Figure 6 denotes that the
combination scheme of the absolute and incremental rotor
position detection is feasible.

Figure 7 is the simulation waveform of 𝐶R. In Figure 7,
the value is 1359 when R-Signal is detected and is close to
the value (1365) set before, which shows that R-Signal zero-
setting can be accomplished via the proposed scheme.

Figure 8 is simulation waveforms of three-phase stator
currents based on the absolute and incremental rotor position
detection. Similar to Figure 6, dotted framesA andB, which
are both amplified, correspond, respectively, to waveforms of
three-phase stator currents under conditions of the absolute
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and incremental rotor position detection. In dotted frameA,
there aremany glitches in waveforms of currents. However, in
dotted frameB, three-phase stator currents vary smoothly. It
can be drawn from Figure 8 that, compared with the absolute
rotor position detection, the incremental rotor position
detection is suitable for PMSM normal operation. Besides,
the stable variation of stator currents shows that the result of
R-Signal zero-setting is correct.

Figure 9 is the simulationwaveformof torque. In Figure 9,
the torque changes froma large number to a stable statewhere
the value changes around the load torque. Figure 10 is the
simulationwaveform of speed. In Figure 10, motor runs at the
rated speed. Figures 9 and 10 show that when the proposed
scheme is going on, the motor is in a normal operation.

6. Conclusion

In this paper, a scheme for rotor position detection and R-
Signal zero-setting is proposed, based on a hybrid optical
encoder. The scheme combines the absolute rotor position
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detectionwith incremental rotor position detection: the abso-
lute rotor position is used for motor starting before achieving
R-Signal zero-setting; once achieving R-Signal zero-setting,
incremental rotor position detection is adopted and used for
motor normal operation. To accomplishR-Signal zero-setting
quickly and easily, a novel scheme for R-Signal zero-setting
is emphatically proposed. Simulation results show that the
proposed scheme is feasible and that rotor position detection
and R-Signal zero-setting can be achieved.
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In this paper, a simple and efficient rule based energy management system for battery and supercapacitor hybrid energy storage
system (HESS) used in electric vehicles is presented. The objective of the proposed energy management system is to focus on
exploiting the supercapacitor characteristics and on increasing the battery lifetime and system efficiency. The role of the energy
management system is to yield battery reference current, which is subsequently used by the controller of the DC/DC converter.
First, a current controller is designed to realize load current distribution between battery and supercapacitor. Then a voltage
controller is designed to ensure the supercapacitor SOC to fluctuatewithin a preset reasonable variation range. Finally, a commercial
experimental platform is developed to verify the proposed control strategy. In addition, the energy efficiency and the cost analysis
of the hybrid system are carried out based on the experimental results to explore the most cost-effective tradeoff.

1. Introduction

Electric vehicles are considered as one of the most promising
transportation tools for addressing issues faced by automo-
tive industry worldwide on energy and environment [1–4].
Technologies employed for all kinds of electric vehicles are
various, but their performances are largely dependent on
the characteristics of adopted energy storage system (ESS)
[5, 6]. Of all the ESSs, battery is one of the most widely used
in kinds of electric vehicles, which has been an emerging
area for ensuring a successful application of electric vehicles.
However, battery alone as a power source has yet faced
some challenges for practical engineering application, such as
higher energy efficiency, smaller voltage drops, larger vehicle
acceleration or deceleration rates, and better uphill climbing
performance. Although high power battery can be made
available, it is very bulky yet cost prohibitive [7, 8].

A possible solution to the battery dilemma is to add
onboard supercapacitor to form HESS with the purpose that
battery and supercapacitor function as a complementary role
based on their individual dynamic characteristics [9, 10].

Battery has high energy density and relatively low cost per
watt-hour but low specific power and short lifetime, while
supercapacitor preserves high power density and long cycle
life but relatively low energy density and high cost per watt-
hour [11–14]. Consequently, a combination of these two types
of ESSs will yield an equivalent ESS with both high energy
density and high power density, where energy is stored in the
battery and power is supplied by the supercapacitor. In this
way, sudden peak current in battery, which can be resulting in
a large reduction in lifetime [15, 16], can be avoided effectively.
Besides, electric vehicle range can also be extended because of
the high utilization of the regenerative breaking [17].

In order to encourage the development of battery and
supercapacitor HESS, mounting research efforts have been
devoted to improving the HESS performance from both low
level topology structure [11, 18–20] and high level energy
management [21–28]. In the literature, there are a number of
hybridization topology structures where the supercapacitor
has been implemented in combination with battery systems.
Based on these topology structures, various energy man-
agement control strategies for battery and supercapacitor
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HESS are also developed in the literature. These strategies
can be broadly classified into rule based and optimization-
based distribution. Rule based controllers are referred to
as deterministic rule, learning network, and fuzzy logical
controller. In [21], an ADVISOR-based battery and super-
capacitor HESS was developed; the power distribution rule
between battery and supercapacitor was determined based
on an experiment approach. In [22], an integrated rule based
metaheuristic approachwas presented, and simulation results
have proved the effectiveness of this multilevel EMS fulfilling
the requested performance with better source usage and
much lower installed capacities. In [23], a fuzzy logical con-
troller based on particle swarm optimization algorithm was
presented to achieve optimization power flow distribution
between battery and supercapacitor. Reference [24] adopted
the idea of neural networks and developed an efficient energy
management system for hybrid electric vehicles with closed
form approaches.

Optimization-based methods consider local and global
optimization problems by using past driving cycle infor-
mation to determine the power distribution mode among
power sources. Reference [25] formulated an optimization
problem by concerning the minimization of the magni-
tude/fluctuation of the current flowing in and out of the
battery and the energy loss of the supercapacitor. An MPC
(model predictive control) controller for a hybrid battery-
supercapacitor power source was proposed and experimen-
tally verified in [26]. The designed MPC controller enables
the battery to share the low frequency power components
and the high frequency power components are allocated to
the supercapacitor. In [27], a wavelet transform-based power
management strategy was proposed, in which load power is
decomposed into different frequency components to the FC
(fuel cell), battery, and supercapacitor, compatible with their
respective dynamic characteristics. Reference [28] adopted a
first-order low-pass filter, which was designed for frequency
decomposition along with analysis of components responses
under real world driving cycles. These strategies would
increase battery lifetime attributing to effective frequency
separation consideration.

In this paper, a rule based energy management system
is developed for a semiactive hybrid system. The objective
of the proposed energy management system is to focus on
exploiting the supercapacitor characteristics and increasing
the battery lifetime and system efficiency. The main con-
tributions of this paper are summarized as follows. First, a
simple but effective rule based energy management system is
developed for a semiactive hybrid system. The main role of
the energy management system is to yield battery reference
current according to energy levels of the power sources and
load demand level. Then two classical PI control loops are
proposed to adjust the load distribution between battery and
supercapacitor. The described energy management system
enables the battery to share low frequency and smooth load
current, and the corresponding high frequency and peak
current are distributed to the supercapacitor. This system
prevents an overstress on the battery while maintaining
a good voltage balance of the supercapacitor. This is an
important advantage to ensure the vehicle starts a new cycle

if high acceleration is required. Second, an experimental
platform of the hybrid system is developed to verify the
described energy management system using two standard
drive cycles for an electric vehicle. Finally, preliminary but
significant energy efficiency and the cost analysis of the
hybrid system are carried out based on the experimental
results to explore the most cost-effective tradeoff.

The rest of this paper is organized as follows: Section 2
describes the dynamic characteristics of the battery and
supercapacitor. Section 3 analyzes the hybrid topology struc-
ture. Section 4 describes the energy management control
strategy. Section 5 verifies the proposed control strategy based
on a commercial experimental platform. Finally, the paper is
concluded in Section 6.

2. Characteristics of Battery and
Supercapacitor as Power Sources

Batteries used in electric vehicle usually have the charac-
teristics of high energy density and relatively low power
density. The latter is a limitation to improve vehicle dynamic
performance.High power capability requires the resistance of
the battery to be low. Hence, knowledge of the resistance of a
battery is critical to the ability to assess its power capability.
In addition, the charging and discharge internal resistances of
battery are usually different, which is dependent on charging
and discharge operating conditions, including amplitude and
frequency of charging and discharge of battery. For lithium-
ion battery, the internal resistance could increase when high
frequency loads are exerted. The ampere-hour capacity is
affected by the discharging current rate and is modeled by the
Peukert equation [13]. The charging and discharging internal
resistances are nonlinear functions of current and state of
charge (SOC).

Recently, another energy storage device, the supercapaci-
tor, has attractedmuch interest because of its high power den-
sity (300W/kg–5000W/kg) and relatively low energy density.
There are presently commercially available carbon/carbon
supercapacitor devices (single cells and modules) from sev-
eral companies, such as Maxwell, Ness, EPCOS, Nippon
Chemi-Con, and Power Systems. All these companies market
large devices with capacitance of 1000–5000 F. These devices
are suitable for high power vehicle applications [29].

As described above, the difference between battery and
supercapacitor can provide the complementary advantage to
meet power and energy demand. From the perspective of
power characteristics, the charging and discharging efficiency
of system is usually considered as the main factor. By
comparison, only one-half of the energy at the peak power
from the battery is in the form of electrical energy to the load,
and the other one-half is dissipated within the battery as heat
in the ESR. That is to say the efficiency of batteries is around
50%. For supercapacitor, the peak power is usually for a 95%
efficient discharge, in which only 5% of the energy from the
device is dissipated as heat in the ESR. For a corresponding
high-efficiency discharge, batteries would have a much lower
power capability. Furthermore, the main drawback of the
batteries is a slow-charging time, limited by a charging
current; in contrast, the supercapacitor may be charged in
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Figure 1: Comparison of battery and supercapacitor.

a short time depending on a high-charging current (power)
available from the main source [30].

Figure 1 shows the comparison of battery and supercapac-
itor in terms of power and energy. Even though it is true that a
battery has the largest energy density (meaning more energy
is stored per weight than other technologies), it is important
to consider the availability of that energy. This is the tradi-
tional advantage of supercapacitor. With a time constant of
less than 0.1 s, energy can be taken from a supercapacitor
at a very high rate [31]. Electrochemical reactions in battery
and double-layer effects in supercapacitor will yield different
acceleration and deceleration transient behaviors of voltage
and current, which are described as different time constants
in dynamic equivalent circuit models.

3. Hybrid Topology Structure

Hybrid energy storage systems are formed in some typical
topologies in order tomanage the power flowbetween battery
and supercapacitor, each of which has its own properties.
In this section, the advantages and disadvantages of four
commonly used hybrid structures for electric vehicles are
described.

Figure 2 shows a passive topological structure, in which
both battery and supercapacitor are directly connected in
parallel. Although it is simple and easy to be realized inHESS,
the power distribution is inherently limited by their internal
resistance since the voltage of both battery and supercapacitor
is the same [25].

Figure 3 shows one of the semiactive topological struc-
tures, in which the DC/DC converter is connected to the
voltage side of the battery, and the battery voltage can be
boosted up such that the battery pack can be made smaller
to reduce its weight and volume. Further, with this structure,
the battery voltage can be controlled more effectively [32].

Figure 4 shows another type of the semiactive topo-
logical structures, in which the voltage of supercapacitor
is controlled by a bidirectional DC/DC converter, so that
the supercapacitor can be boosted up to meet the driving
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Figure 2: A passive topological structure.

Battery system

Supercapacitor
system

Bidirectional DC/DC Load emulator

Controller

Cable line
CAN line

Power demand

Control command

dynamic model

Vehicle
longitudinal

Figure 3: A semiactive topological structure.

power demand for electric vehicles. Likewise, it can also be
reduced to a lower level for the purpose of energy recovery
via regenerative braking. This would enable supercapacitor
to operate in a wider voltage range and to curb voltage
fluctuation and peak current damage to battery. Even if it
was not controlled by a bidirectional DC/DC converter, the
battery would still work in a high effective range [11].

A fully active topological structure is shown in Figure 5.
In this structure, two bidirectional DC/DC converters are
used such that the hybrid power system is decoupled between
battery and supercapacitor. Therefore, both power sources
can be controlled via each individual DC/DC converter
independently.This structure can bemore flexible, stable, and
efficient for voltage control and power distribution between
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battery and supercapacitor. It can also reduce the size and
weight of the hybrid energy storage system [19].

As a brief summary, the passive hybrid system is simple in
structure and more cost-effective, but the fully active hybrid
system offers the best performance. Therefore, a semiactive
hybrid system is often a good tradeoff among them in terms
of the performance, the structure complexity, and the cost-
effectiveness.

4. Energy Management Control Strategy

The presented energy management system control frame in
this research is illustrated in Figure 6.

4.1. Energy Management System. The function of energy
management system is to supply battery reference current,
which is subsequently used by the controller.

The power demand calculation of hybrid system can
be obtained by considering vehicle dynamics, and the total
power demand consisted of rolling resistance power, aerody-
namic drag power, slope resistance power, and acceleration
resistance power:

𝑃veh = 𝑃roll + 𝑃aer + 𝑃slope + 𝑃acc, (1)

where the rolling resistance power is described as

𝑃roll =
𝑢veh
𝜂

𝑀𝑔𝑓 cos (𝛼)
3600

. (2)

The aerodynamic drag power is described as

𝑃aer =
1

𝜂

𝐶aer𝐴aer
76140

𝑢
3

veh. (3)

The slope resistance power is described as

𝑃slope =
𝑢veh
𝜂

𝑀𝑔 sin (𝛼)
3600

. (4)

The acceleration resistance power is described as

𝑃acc =
𝑢veh
𝜂

𝛿𝑀

3600

𝑑𝑢veh
𝑑𝑡

. (5)

The total current demand can be calculated as

𝐼load =
𝑃veh
𝑈bus

, (6)

where 𝑈bus is the bus voltage, 𝑀 is the vehicle mass, 𝑢veh
is the vehicle velocity, 𝑔 is gravity constant, 𝑓 is the rolling
resistance coefficient, 𝛼 is the road slope angle, 𝐶aer is the
aerodynamic drag coefficient of the vehicle,𝐴aer is the frontal
area of the vehicle, and 𝜂 is the drive efficiency.

State of charge (SOC) is traditionally used to indicate
the residual electricity of the battery; its definition is usually
written by the equation

SOCbat = SOC
0
− 𝑘ch ⋅ 𝑘dis ⋅ ∫ 𝜀 ⋅

𝐼bat𝑑𝑡

𝐶bat
, (7)

where SOC
0
describes the initial value of SOCbat; 𝑘ch and 𝑘dis

describe the influence coefficients on the current integration
from charging current (𝐼

𝐿
< 0) and discharging current

(𝐼
𝐿
> 0), respectively; if the battery is charging, 𝑘dis = 1,

and if the battery is discharging, 𝑘ch = 1. 𝐶bat describes
the nominal capacity of battery; 𝜀 is the coulomb efficiency
(including charging efficiency 𝜀ch and discharging efficiency
𝜀dis).
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In order to indicate the residual electricity of supercapac-
itor, the state of charge (SOC) of the supercapacitor is used
to describe a percentage of the rated energy capacity, which
depends on the terminal output voltage and is defined as in
the equation

SOCSC =
(𝑈LSC − 𝑈𝑐min)

(𝑈
𝑐max − 𝑈𝑐min)

, (8)

where 𝑈LSC is supercapacitor load voltage and 𝑈
𝑐max and

𝑈
𝑐min are the maximum and minimum terminal voltage,

respectively.
The proposed energy management system is a rule based

and power-balancing strategy. The strategy is realized by a
series of simple control logical rules. The main advantage
of the proposed strategy is to protect battery from the high
dynamics in current demand without overdischarging or
overcharging the supercapacitor. Consequently, both battery
lifetime and energy efficiency are increased.

The flowchart of DC/DC converter control mode strategy
is shown in Figure 7. The control mode depends on the
symbol of the load current demand.The positive load current
represents the fact that the vehicle is driving. In this situation,
battery or supercapacitor must supply the requirement driv-
ing current to meet vehicle driving demand. Therefore, the
DC/DC converter need be switched to buck mode. However,
the DC/DC control mode also depends on the charge and
discharge relationships between battery and supercapacitor.
Even if the load current is positive, the DC/DC converter is
also switched to boostmodewhen the supercapacitor charges
battery. In thisway, the supercapacitor SOCcan be adjusted to
the expected variation range quickly and thus can ensure the
HESS tomeet the load current demandwithout overcharge or
overdischarge of the battery. As a result, the battery operation
condition can be smoothed greatly and battery lifetime is
increased as well.

SC charges 
battery

Battery charges 
SC

Buck mode

Yes Yes

No No

Boost modeBuck mode Buck mode Boost mode

<0>0

= 0

Sign (Idem)

Current Idem

Vehicle model

Driving cycle

Figure 7: Flowchart of the DC/DC converter control mode strategy.

The flowchart of driving mode control strategy is shown
in Figure 8. This decision-making flowchart considers as the
first decision a comparison of the real supercapacitor SOC
and the preset supercapacitor SOC variation range. If the real
supercapacitor SOC is located in the preset supercapacitor
SOC variation range, then the load current is distributed to
supercapacitor only and the battery will not supply any load
current.The purpose of this arrangement is to protect battery
from the frequent charge and discharge process and increase
battery lifetime. When the preset supercapacitor SOC vari-
ation range is broken, the battery is considered to balance
the supercapacitor SOC or share the load current. In this
situation, if the supercapacitor SOC exceeds its upper limit
value, then the load current is distributed to supercapacitor
only. Besides, the supercapacitor is charged by the battery.
In this way, the supercapacitor SOC can be decreased to the
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preset variation range quickly and thus guarantee the super-
capacitor to work within the reasonable capacity fluctuation
range. If the supercapacitor SOCdrops down to its lower limit
value, the battery is considered to share the load current to
avoid the large drop of the supercapacitor SOC. When the
battery SOC is bigger than its preset minimum value, the
load current is distributed to battery only. At the same time,
the supercapacitor is charged by the battery. Otherwise, the
supercapacitor cannot be charged by the battery. It must be
noted that the described rules abovemainly include five work
modes for the battery and supercapacitor: the battery work
only, the supercapacitor work only, the battery charges to
the supercapacitor, the supercapacitor charges to the battery,
and the battery and supercapacitor working together. In fact,
when the supercapacitor exceeds the preset supercapacitor
SOC variation range, the load current is distributed to battery
and supercapacitor jointly. In this process, the charge is also
carried out simultaneously.

The flowchart of idle speed mode control strategy is
shown in Figure 9. Generally, the SOCof the supercapacitor is
controlled within a certain reasonable fluctuation range.This
is to ensure that electric vehicle is able to run even if a high
acceleration or deceleration is required without overstressing
the battery. Therefore, the idle speed mode control strategy
is only to ensure the supercapacitor SOC to be controlled
within preset fluctuation range. When the supercapacitor
SOC is below the preset lower limit value, the supercapacitor
is charged by the battery. On the contrary, the supercapacitor
is discharged. Otherwise, no operation is carried out.

The flowchart of braking mode control strategy is shown
in Figure 10. Similar to the driving mode control strategy, the
battery current is firstly set to zero; this is very important to
protect the battery frombig current burst during the transient
process. Then the only decision in this flowchart depends on
the SOC of the supercapacitor and on the preset variation
range. When the supercapacitor SOC is below the preset
lower limit value, then the supercapacitor can absorb the
current from the regenerative breaking. At the same time, the
lacking energy is supplied by the battery charge. When the
supercapacitor SOC exceeds the preset higher limit value, the
regenerative breaking current is absorbed by battery. At the
same time, the part energy is delivered to battery from the
supercapacitor. Otherwise, the regenerative breaking current
is absorbed by the supercapacitor only.

4.2. Controller. The input variable of controller is the battery
reference current, and the output variable is the controller
command. In order to realize control objective, a classical PI
controller is adopted in this research. In this described config-
uration, the battery is connected to the DC/DC converter but
the supercapacitor is directly connected to the bus without
DC/DC converter. The current relations can be written by

𝐶bus ⋅
𝑑𝑈bus
𝑑𝑡

= 𝐼bat1 + 𝐼SC − 𝐼bus. (9)
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The equivalentmodel of the DC/DC converter connected
to the battery can be described as

𝐿bat
𝑑𝐼bat
𝑑𝑡

+ 𝑅bat𝐼bat = 𝑈𝐿bat − 𝑑 ⋅ 𝑈bus. (10)

Equation (10) is a nonlinear first-order equation; by using the
Laplace transform, we can obtain that

𝐼bat (𝑠) =
𝑈
𝐿bat (𝑠)

𝐿bat ⋅ 𝑠 + 𝑅bat
−

𝑑 (𝑠) 𝑈bus
𝐿bat ⋅ 𝑠 + 𝑅bat

. (11)

The control loop of the battery current is described
in Figure 11. The input is the DC/DC converter control
command; the output is the battery current. In order to
balance the hybrid systemwithout overdischarging the super-
capacitor, a supercapacitor voltage compensation loop has
been implemented, which is shown in Figure 12.

5. Experimental Results and System Analysis

5.1. Experimental Results. In order to validate the proposed
energy management control strategy, a commercial exper-
imental platform is constructed. The whole experimental
platform mainly includes two parts: hardware power system
and software control system, which are shown in Figures 13
and 14.

The supercapacitor pack adopted in this experimental
platform is the Maxwell/BCAP3000 type, rated 3000 F, 2.7 V
having the parameters given in Table 1. The battery pack
for the HESS is ternary lithium battery, which is considered
as the next generation battery used in electric vehicle. The
specific parameters of the battery pack are listed in Table 2.
The presented DC/DC is a bidirectional DC/DC converter,
by which both the driving current and the braking current
can be controlled for the battery pack. The main parameters

Table 1: Parameters of the supercapacitor pack.

Items Specifications
Nominal voltage 240V
Nominal capacity 55 F
Number of cells 88
Maximum continuous power 30 kW/13 s
Pack mass 45 kg ± 5%
Maximum operating temperature +65∘C
Minimum operating temperature −40∘C
Maximum storage temperature +70∘C
Minimum storage temperature −40∘C
Communication type CAN2.0B, J1939
Leakage current 5.3mA
Safe level IP65
Vibration IEC 16750
Lifetime 25∘C, ≥10 years
Initial 48V module resistance 6.3mΩ
Shock SAE J2464

of the DC/DC converter are listed in Table 3. The Electric
Control Unit (ECU) is a dSPACE-based MicroAutoBox (DS
1401). TwoCANcontrollers in theMicroAutoBox are adopted
for the load current calculation and control algorithm calcu-
lation, respectively.

The experiment was carried out to test the control
strategy based on two driving cycles, that is, the USA
Urban Dynamometer Driving Schedule (UDDS) and the
New European Driving Cycle (NEDC). Simulation results
and comparisons between the batteries only power system
and the HESS system for UDDS driving cycle are shown in
Figures 15–21.
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Figure 12: Supercapacitor voltage regulation loop.

The charging and discharging currents of battery system
are compared in Figure 16. Since the supercapacitor pack can
absorb the regenerative braking energy quickly and supply a
burst current demand, thus the impact of big charging and
discharging current on the battery pack is avoided. It can
be observed that the current of battery system for the HESS
is mainly maintained in range from −20A to 20A, which
means that depth of discharge (DOD) of the battery pack
is less than 0.33 C, which is beneficial to extending battery
lifetime because the number of cycles to failure increases
exponentially as DOD decreases.

Figure 13: Hardware power system.

The evolutions of the battery voltage are compared in
Figure 17. It can be obviously observed that large voltage
drop of the HESS can be avoided compared to that of the
battery only system; namely, a good voltage stabilization
performance can be guaranteed for the battery system. It can
be seen that the battery voltage of the HESS is maintained
within the range from 279V to 287V, and the corresponding
voltage difference is 8V. For the battery pack with 72 series
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Figure 14: Software control system.
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Figure 15: UDDS driving cycle.
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Figure 16: Comparison of the battery current curves.
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Figure 17: Comparison of the battery voltage curves.
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Figure 18: Comparison of the battery SOC curves.

of battery cells, a maximum 0.11 V voltage drop compared
with a maximum 0.28V voltage drop for battery only system
is roughly estimated. Therefore, it is obvious that the battery
system is operated in much smaller voltage fluctuation range
and the potential battery cell balancing problem can be
avoided to prevent individual cell voltages drift from time to
time, which leads to rapid decreases of the total pack capacity,
or even complete system failure.

The comparison of the battery SOC is shown in Figure 18.
Since the supercapacitor pack absorbs the braking energy
actively and efficiently and affords the additional peak power
to meet the vehicle driving power requirement, the SOC of
the battery pack is smoothed, which can be better found in
Figure 25. By comparison, the benefit to electric vehicle range
extension seems to be limited. This is because more braking
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Figure 19: DC/DC converter control command.
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Figure 20: Supercapacitor current.
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Figure 21: Supercapacitor SOC.

Table 2: Parameters of the battery pack.

Items Specifications
Nominal voltage 280V
Nominal capacity 60Ah
Number of cells 74
Maximum continuous power 30 kW/13 s
Pack mass 280 kg ± 5%
Maximum charging temperature +45∘C
Minimum charging temperature 0∘C
Maximum discharging temperature +40∘C
Minimum discharging temperature −20∘C
Maximum storage temperature +45∘C
Minimum storage temperature −20∘C
Lifetime 25∘C, ≥1500 times
Communication type CAN2.0B, J1939
Charging time 1.5 hours
Initial 50V module resistance 20mΩ
Shock SAE J2464

Table 3: Parameters of the DC/DC converter.

Items Specifications
Boost voltage 200–400V
Buck voltage 120–240V
Rated power 15 kW
Maximum buck current 125A
Maximum boost current 75A
Maximum operating temperature +60∘C
Minimum operating temperature −20∘C
Maximum storage temperature +70∘C
Minimum storage temperature −30∘C
Communication type CAN2.0B, J1939
Ripple coefficient ≤1%

energy is absorbed by battery only system. These operations
obviously decrease system efficiency and battery lifetime.

The current of the supercapacitor pack is described in
Figure 20. Because of the fast dynamics and high system
efficiency characteristic of the supercapacitor pack, the high
frequency and peak current requirements are distributed to
the supercapacitor pack.This can thus protect battery system
from the high dynamics in the loads and increase the battery
pack lifetime and system efficiency.

The SOC of the supercapacitor pack is described in
Figure 21. It can be obviously observed that the developed
control strategy can successfully maintain supercapacitor
SOCwithin suitable variation range and achieve its final value
(60% is designed as the final value). Consequently, the battery
pack’s working condition can be greatly optimized benefiting
from the more frequent and effective participation of the
supercapacitor in the load share operation. Besides, electric
vehicle can be ensured to start a new cycle even if large loads
are required given that the supercapacitor pack has enough
energy and space to satisfy loads.
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Figure 22: NEDC driving cycles.
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Figure 23: Comparison of the battery current curves.

Similar simulation was also carried out for the NEDC
driving cycle, as shown in Figures 22–28. Again, in this case,
the advantages of the proposed energy management control
strategy proved to be effective in achieving battery lifetime
and system efficiency.

5.2. Efficiency Analysis of the Hybrid System. In this subsec-
tion, the energy loss is analyzed to evaluate the effectiveness
of the DC/DC converter used in the HESS. Since the energy
efficiency has a big relevance with the resistances of the
battery and supercapacitor packs and the efficiency of the
DC/DC converter, thus the resistance test for the battery
and supercapacitor packs and the efficiency of the DC/DC
converter test are firstly carried out.The results are plotted in
Figures 29–31.

The energy loss comparisons of two semiactive topolog-
ical structures described in Figures 3 and 4 and battery only
system for UDDS driving cycle are shown in Figure 32. It can
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Figure 24: Comparison of the battery voltage curves.
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Figure 25: Comparison of the battery SOC curves.

be observed that the energy loss of the semiactive topological
structures described in Figure 4 is about 400 kJ, and the
energy loss in the semiactive topological structures described
in Figure 3 is about 250 kJ. Therefore, the energy efficiency
of the semiactive topological structures described in Figure 3
is higher than that of the semiactive topological structures
described in Figure 4.This is because the supercapacitor pack
is adjusted by theDC/DC converter to satisfy the load current
frequently, consequently resulting in more energy loss from
the DC/DC converter. Therefore, the increased range largely
depends on the energy efficiency of the DC/DC converter.
To clarify the issue for future DC/DC converter development
in the HESS, the energy losses of the components in two
semiactive topological structures are described in Figures 33
and 34. It can be observed that the energy loss of the HESS is
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Figure 26: DC/DC converter control command.
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Figure 27: Supercapacitor current.
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Figure 28: Supercapacitor SOC.
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Figure 30: Charging/discharging internal resistances of the super-
capacitor pack.

mainly from the energy loss of theDC/DC converter. Besides,
the energy loss of the battery only system is higher than
the total energy loss of the battery and supercapacitor pack
in the HESS; it is thus suggested that the efficiency of the
DC/DC converter needs to be increased to one certain limit
value, which can effectively compensate for the energy loss
difference between the HESS and the battery only system.
Similar results can be found in Figures 35–37. According to
the experiment results and theoretical analysis, based on the
developed energy management strategy and the semiactive
topological structure described in Figure 3, the DC/DC
converter at least has 97% conversion efficiency to make the
HESS energy effective compared to the battery only system.
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Figure 32: Energy loss comparisons of two semiactive topological
structures and battery only system for UDDS driving cycle.

5.3. Cost Analysis of the Hybrid System. In this section, the
cost model of hybrid system is established.Themodel mainly
consists of battery life cost and system electricity cost.

The battery life model is developed in order to analyze the
impact of terrain inaccuracy on battery life. Since supercapac-
itor has much longer life cycle compared to that of battery, it
is assumed that the supercapacitor has no degradation during
the battery lifetime. The model on battery capacity dynamic
degradation adopted in this research is a semiempirical life
model [33]. The model includes four parameters, namely,
time, temperature, depth of charge, and discharge rate. The
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Figure 33: Energy loss of the semiactive topological structure
described in Figure 4 for UDDS driving cycle.

0 200 400 600 800 1000 1200 1400
Time (s)

En
er

gy
 lo

ss
 (k

J)

Total energy loss
DC energy loss

Supercapacitor energy loss
Battery energy loss

0

50

100

150

200

250

300

Figure 34: Energy loss of the semiactive topological structure
described in Figure 3 for UDDS driving cycle.

variations of these parameters will influence battery lifetime
directly. The formula of battery life model is given by

𝑄loss = 𝐵 ⋅ 𝑒
−((𝐸
𝑎
+𝐵⋅𝐶rate)/(𝑅⋅𝑇bat)) (𝐴

ℎ
)
𝑧
, (12)

where 𝑄loss is the battery capacity loss which ranges from 0
to 1. 𝐵 is the preexponential factor, 𝐸

𝑎
is the activation energy

(Jmol−1),𝑅 is the gas constant (J (mol−1 k)−1),𝑇 is the battery
absolute temperature (K), 𝐴

ℎ
is the Ah-throughput, which is

expressed as 𝐴
ℎ
, 𝑧 is the power law factor, 𝐶rate is the battery

discharge rate, and 𝐵 is the compensation factor of 𝐶rate. The
original formula is developed based on LiFePO

4
battery test

results. For the consideration battery studied in this paper,
a correction coefficient can be considered to predict battery
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Figure 35: Energy loss comparisons of two semiactive topological
structures and battery only system for NEDC driving cycle.
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Figure 36: Energy loss of the semiactive topological structure
described in Figure 4 for NEDC driving cycle.

lifetime more accurately. Then the formula can be rewritten
as

𝑄loss = 𝛽 ⋅ 𝐵 ⋅ 𝑒
−((𝐸
𝑎
+𝐵⋅𝐶rate)/(𝑅⋅𝑇bat)) (𝐴

ℎ
)
𝑧
, (13)

where 𝛽 is the correction coefficient: 𝛽 = 1.7 × 10−4. Other
parameters used in this formula are listed in Table 4.The Ah-
throughput 𝐴

ℎ
is defined as

𝐴
ℎ
=

1

3600
∫

𝑡
𝑓

𝑡
0

𝐼bat
 𝑑𝑡, (14)

where 𝑡
0
is the initial time of a driving cycle and 𝑡

𝑓
is the final

time of a driving cycle.
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Figure 37: Energy loss of the semiactive topological structure
described in Figure 3 for NEDC driving cycle.

Table 4: Parameters of battery life model.

Item Value
𝐵 30330
𝐸
𝑎

31700
𝑅 8.314
𝐵 370.3
𝑧 0.55

The problem of the battery life is formulated as battery
life cost. The cost of energy storage system is assumed to be
1600USD/kWh for the battery system and 15000USD/kWh
for the supercapacitor. The electricity cost is assumed to
be 0.1 USD/kWh according to the report of the US Energy
Information Administration. Since it is assumed that the
supercapacitor has no degradation during battery lifetime,
only battery degradation cost is considered in two hybrid
energy storage systems with semiactive topology. In general,
battery can hardly be used when its capacity is reduced to
80% of its initial value. Therefore, the cost description of the
battery life and the electricity can be given by

Costbat,loss (𝑡)

= 24.768

× ∫

𝑡

0

𝐼bat


3600
𝑑𝑡 exp−(

31700 − 370.3𝐶rate
8.314𝑇bat

) ,

Costele (𝑡) =
0.1

3600
∫

𝑇

0

[𝑃SC (𝑡) + 𝑃bat (𝑡)] .

(15)

Note that the electricity cost can be influenced by the
resistance losses for both battery and supercapacitor and
efficiency loss for the DC/DC converter. In this work, the
resistances of battery and supercapacitor and the efficiency
of DC converter are simplified as a fixed value. Thus the total
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Figure 38: Comparison of the battery life cost based on UDDS
driving cycle.

cost comprising battery life and electricity cost can be written
as

Cost (𝑡) = Costlife (𝑡) + Costele (𝑡) . (16)

The comparison results of the battery life cost and the sys-
tem electricity cost based on UDDS driving cycle and NEDC
driving cycle are given in Figures 38–41. From Figure 38,
it has been demonstrated clearly that hybrid system has an
absolute advantage in improving battery life compared with
the battery only system.However, the systemelectricity cost is
increased because of the energy loss of the supercapacitor and
the DC/DC converter. By comparison, the battery life cost is
obviously higher than the systemelectricity cost.Therefore, to
pursue themaximumbenefit of the hybrid system, the battery
life cost should be considered as the main factor in the total
cost. In the future, when the battery is very cheap, the system
electricity cost may be dominant in the total cost. By then,
an appropriate balance between the battery life cost and the
system electricity cost need be considered. From Figures 40
and 41, similar conclusions can be obtained.

6. Conclusion

In this paper, a rule based energy management system is
developed for the battery and supercapacitor HESS. The
objective of the proposed system is to focus on exploiting the
supercapacitor characteristics and on increasing the battery
lifetime and system efficiency. Two controllers of the DC/DC
converter are designed and integrated to achieve this purpose.
Firstly, a current controller is designed to realize load current
distribution between battery and supercapacitor. Then a
voltage controller is designed to ensure the supercapacitor
SOC fluctuate within a preset reasonable variation range.

Experiment results have shown that the system enables
the battery to share the low frequency load current, which
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Figure 39: Comparison of the electricity cost based on UDDS
driving cycle.
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Figure 40: Comparison of the battery life cost based on NEDC
driving cycle.

would be very helpful to increase battery lifetime. Corre-
spondingly, the high frequency load current is distributed
to the supercapacitor pack. Efficiency analysis has revealed
that the semiactive topological structure described in Figure 3
has a higher energy efficiency compared with the semiactive
topological structure described in Figure 4. The increased
range depends on the energy efficiency of the DC/DC
converter largely. Besides, the DC/DC converter at least has
97% conversion efficiency to make the HESS energy effective
compared to the battery only system. The preliminary cost
analysis of hybrid system has demonstrated that hybrid
system can increase battery lifetime obviously comparedwith
battery only system. At the same time, the analysis also
highlights that an appropriate balance between the battery life
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Figure 41: Comparison of the electricity cost based on NEDC
driving cycle.

cost and the system electricity cost is necessary to pursue the
maximum benefit of the hybrid system in the future.
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The output power of PV array changes with the variation of environmental factors, such as temperature and solar irradiation.
Therefore, amaximumpower point (MPP) tracking (MPPT) algorithm is essential for the photovoltaic generation system.However,
the 𝑃-𝑈 curve changes dynamically with the variation of the environmental factors; here, the misjudgment may occur if a simple
perturb-and-observe (P&O) MPPT algorithm is used. In order to solve this problem, this paper takes MPPT as the main research
object, and an improved MPPT algorithm for PV generation applications based on 𝑃-𝑈 curve reconstitution is proposed. Firstly,
the mathematical model of PV array is presented, and then the output dynamic characteristics are analyzed. Based on this, a 𝑃-𝑈
curve reconstitution strategy is introduced, and the improved MPPT algorithm is proposed. At last, simulation and comparative
analysis are conducted. Results show that, with the proposed algorithm, MPP is tracked accurately, and the misjudgment problem
is solved effectively.

1. Introduction

It is universally acknowledged that photovoltaic power gen-
eration as a new green technology has become one of the
hot spots at home and abroad. However, the output power
of PV array is affected by the external environment factors
strongly, such as temperature and solar irradiation.Therefore,
in order to adjust the working performance, it is particularly
important to output maximum power of PV array as much as
possible.

There are many kinds of common MPPT control algo-
rithms, and the control process is not the same, and the
corresponding control effect is also different [1]. The com-
monly used algorithms include the method based on opti-
mization mathematical model, the method based on the
output control, the method based on intelligent control and
nonlinear control, and the method based on perturbation of
optimization [2].

The perturb-and-observe algorithm and incremental
conductance algorithm are the important branches of the
method based on perturbation of optimization which are

the most commonly used methods currently [3]. The MPP
is tracked by perturbing the output voltage of PV array with
perturbation observation algorithm which is simple [4–8].
Nevertheless, the output voltage perturbation signal of PV
array changes when solar irradiation changes strongly, so
the power output characteristic deteriorates. The tracking
accuracy is not high and oscillation and misjudgment phe-
nomena easily occur. Incremental conductance algorithm is
actually an improved perturb-and-observe algorithm [9–14],
with which the MPP is tracked by incremental conductance
and instantaneous conductance of PV array. In this method,
the physical concept is clear. And, compared with what was
mentioned above, the MPP can be tracked quickly with this
method when solar irradiation changes. But misjudgment
problem still exists, when solar irradiation mutates.

Until now, many scholars study the MPPT algorithm
based on intelligent control and nonlinear control such as
fuzzy algorithm [15], siding algorithm [16], Particle Swarm
Optimization (PSO) [17], and genetic algorithm [18].
Although these algorithms do not need to establish accurate
mathematical model of the controlled object, their control
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Figure 2: 𝑈-𝐼 characteristic curves of PV cell with different solar irradiation values.

algorithms are generally more complicated and are not
conducive to realization of the system and are not conducive
to reduction of the unit costs as well.

In this paper, based on the mathematical model of
PV array and classical perturb-and-observe algorithm, 𝑃-𝑈
curve reconstitution is introduced to track the maximum
power point accurately. Finally, the proposed MPPT control
strategy is verified by simulation. Results show that the
maximum power point is tracked accurately with the pro-
posed MPPT algorithm, and the misjudgment is eliminated
effectively, and the proposedMPPT algorithm also has a good
dynamic performance.

2. Mathematical Model of PV Array

The photovoltaic cell is different from dry cell and bat-
tery; the latter can store the transformed energy. However,
photovoltaic cell is a device based on photovoltaic effect
which converts solar energy into electrical energy directly
and immediately. Figure 1 shows an equivalent model of PV
cell. When solar irradiation is constant, the photogenerated
current 𝐼ph does not change with the working state of the
photovoltaic cell, so it can be seen as a constant current

source. 𝑅
𝐿
is the load added at both ends of the PV cell, and

𝑈 is the terminal voltage.
By Figure 1, the output current equation of the PV cell can

be described as

𝐼
𝐶
= 𝐼
𝑆
− 𝐼
0
{exp (

𝑞

𝐴𝐾𝑇
𝑈) − 1} , (1)

where A is a P-N junction coefficient of semiconductor
devices in photovoltaic cells; 𝐾 is Boltzmann’s constant; 𝑞 is
unit charge;𝑇 is absolute temperature; 𝐼

𝐶
is output current; 𝐼

0

is diode reverse saturation current; 𝐼
𝑆
is short-circuit current

(the corresponding 𝐼ph when 𝑈 is 0 in Figure 1).
As can be seen from (1), the output characteristic curves

of PV cell change with external environment factors such
as solar irradiation and temperature. Figure 2 shows 𝑈-𝐼
characteristic curves when temperature is constant and solar
irradiation changes. It can be seen that short-circuit cur-
rent reduces significantly and open-circuit voltage is almost
unchanged when solar irradiation decreases. Figure 3 shows
𝑃-𝑈 characteristic curves with the same conditions. Similarly,
it can be seen from the figure that 𝑃-𝑈 characteristic curve
has a single peak, and the maximum power point is its
extreme point, and the output power increases with solar
irradiation and reaches a maximum at a point.
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Keeping solar irradiation unchanged, when temperature
changes, the output characteristic curves of PV array can
be obtained which are shown in Figures 4 and 5. It can be
seen from the two figures that open-circuit voltage increases
significantly and short-circuit current is a constantwhen tem-
perature decreases. The output power of PV array increases
with the decrease of temperature and reaches the maximum
at a certain point finally.

It can be seen from the output characteristic analysis of
PV cell mentioned above that the output characteristic curves
of PV array change with external environmental factors,
such as solar irradiation and temperature. Therefore, MPPT
algorithm is added in the operating control of PV power

generation system to provide the maximum output power for
load in different working conditions.

3. Improved MPPT Algorithm Based on 𝑃-𝑈
Curve Reconstitution

3.1. Classical Perturb-and-Observe Algorithm. The working
principle of classical perturb-and-observe algorithm is shown
as in Figure 6, and step search is adopted in this method.
Suppose that the external environmental factors remain
unchanged, such as temperature and solar irradiation. Δ𝑈
is the voltage adjustment step, and 𝑃max is the power of
maximum power point.
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Firstly, an initial step is chosen; perturbation is started; on
the basis of the working voltage, a forward perturbation step
is added. Perturbation direction remains unchanged if the
power increases; perturbation direction changes if the power
reduces. Perturbation process is repeated as shown in Figure 6
until the maximum power point is tracked. Owing to the

fact that the perturbation step has a large impact on tracking
accuracy and speed, it should be selected appropriately.

The flowchart of classical perturb-and-observe algorithm
is shown in Figure 7.𝑈(𝑘) is the present voltage and 𝐼(𝑘) is the
present current, and𝑃(𝑘) is the corresponding power;𝑈(𝑘−1)
is the last voltage and 𝐼(𝑘 − 1) is the last current; 𝑃(𝑘 − 1)
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is the corresponding power; 𝑈ref is reference voltage; Δ𝑈 is
voltage adjustment step.

Firstly, Δ𝑃 and Δ𝑈 can be described as

Δ𝑃 = 𝑃 (𝑘) − 𝑃 (𝑘 − 1) ,

Δ𝑈 = 𝑈 (𝑘) − 𝑈 (𝑘 − 1) .

(2)

When Δ𝑈 is positive, if Δ𝑃 is also positive, which
indicates that the current working point is on the left of the
maximum power point, then it should be in the perturbation
mode of increasing voltage; if Δ𝑃 is negative, which indicates

that the current working point is on the right of themaximum
power point, then it should be in the perturbation mode of
decreasing voltage. When Δ𝑈 is negative, if Δ𝑃 is positive,
which indicates that the current working point is on the
right of the maximum power point, then it should be in the
perturbation mode of decreasing voltage; if Δ𝑃 is negative,
which indicates that the current working point is on the
left of the maximum power point, then it should be in the
perturbation mode of increasing voltage.

It should be noted that the working point oscillates on
both sides of the maximum power point reciprocating due to
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a fixed perturbation step, in which it is unable to be stabilized
at the maximum power point, and sometimes misjudgment
phenomenon occurs. When external conditions change, the
output characteristic curves of PV array change dynamically.
Thus, misjudgment may occur if a classical perturb-and-
observe MPPT algorithm is used.

3.2. Improved MPPT Algorithm. In order to solve the mis-
judgment problem of classical P&O algorithm, power predic-
tion is added, which ensures the power points are in the same
𝑃-𝑈 curve before and after the perturbation.

Figure 8 shows a schematic diagram of power prediction.
When the sampling frequency is high enough, assume that
the change rate of solar irradiation in a sampling period is
constant.Without voltage perturbation at 𝑘𝑇, the power 𝑃(𝑘)
is calculated. Then, the power 𝑃(𝑘 + 1/2) is calculated at
(𝑘 + 1/2)𝑇, and the predicted power 𝑃(𝑘) can be obtained
as follows:

𝑃

(𝑘) = 2𝑃 (𝑘 +

1

2
) − 𝑃 (𝑘) . (3)

Then,Δ𝑈 is perturbed at (𝑘+1)𝑇, and the power is𝑃(𝑘+1)
when perturbation voltage is 𝑈(𝑘 + 1). The measured power
𝑃(𝑘 + 1) and the predicted power 𝑃(𝑘) are on the same 𝑃-𝑈
characteristic curve at the same solar irradiation theoretically.
Therefore, the proposed MPPT algorithm in this paper does
not exhibit misjudgment problem.

At the same time, in order to solve the contradiction
between the tracking accuracy and speed, a variable step is
adopted.

By (1), the output power of PV array can be approximated
as

𝑃 = 𝐼
𝑆
𝑈 − 𝐼
0
𝑈{exp [

𝑞

𝐴𝐾𝑇
𝑈] − 1} . (4)

Thus, the derivative of power with respect to voltage can
be obtained as

d𝑃
d𝑈
= 𝐼
𝑆
− 𝐼
0
exp [
𝑞

𝐴𝐾𝑇
𝑈] ∗ [1 +

𝑞

𝐴𝐾𝑇
𝑈] − 𝐼

0
. (5)

Study shows that |d𝑃/d𝑈| is suitable for perturbation
step. Then, the curve of |d𝑃/d𝑈| and voltage 𝑈 are shown
in Figure 9. It shows that the curves are different when solar
irradiation varies greatly, so it is difficult to get the normalized
function of the perturbation step to achieve the above goal.

However, as shown in Figure 9, |d𝑃/d𝑈| and short-circuit
current are similar to the positive correlation on the left side
of MPP. Therefore, in order to find the normalized function
of voltage perturbation step, (3) can be divided by output
current of PV array after the absolute value operation, which
can be calculated as

𝑆 (𝑘) =
1

𝐼



d𝑃
d𝑈



=
1

𝐼


𝐼
𝑆
− 𝐼
0
exp [
𝑞

𝐴𝐾𝑇
𝑈] ∗ [1 +

𝑞

𝐴𝐾𝑇
𝑈] − 𝐼

0


,

(6)

where 𝑆(𝑘) is the step adjustment factor.
Relation curve of 𝑆(𝑘) against voltage U is shown in

Figure 10. Take 𝑆(𝑘) as the normalization factor of voltage
perturbation step size. According to the actual working
condition of PV cell, the perturbation step is adjusted in time,
which is described as

𝑈 (𝑘 + 1) = 𝑈 (𝑘) ± 𝑆 (𝑘) step. (7)

Note that step adjustment factor 𝑆(𝑘) increases sharply
on the right of MPP. In order to make the MPPT algorithm
able to be converged on the right of MPP in the 𝑃-𝑈 curve,
here, adjustment factor is limited, 𝑆(𝑘) ∈ [0, 1]. And Figure 11
shows a flowchart of the improved MPPT algorithm.

4. Simulation Results and Analysis

The PV generation system consists of PV array module,
MPPT module, DC/DC converter module, and so forth,
which is shown in Figure 12.

The simulation conditions are as follows: short-circuit
current is 3.45A, open-circuit voltage is 43.5 V, maximum
power point voltage is 35V, maximum power point current
is 3.15 A, temperature is 25∘C, the initial step is 0.005, and
simulation time is 0.6 s.
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Figure 13: The classical P&O algorithm curves.

Figure 13(a) shows the curve of solar irradiation changes
over 𝑡. Figures 13(b)–13(e) are the simulation results accord-
ing to Figure 13(a), where Figure 13(b) is the output voltage
curve, Figure 13(c) is the output current curve, Figure 13(d)
is the output power curve, and Figure 13(e) is the duty-
cycle curve. The figures show that the working point reaches

themaximumpower point at 0.03 s, and themaximumpower
is 110W. When solar radiation mutates, the output power is
not stable and has an oscillation around MPP.

Figure 14 shows the improved MPPT algorithm sim-
ulation results. Figure 14(a) is the output voltage curve,
Figure 14(b) is the output current curve, Figure 14(c) is
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Figure 14: The improved MPPT algorithm curves.

the output power curve, and Figure 14(d) is the duty-cycle
curve. The figures show that MPP is tracked at 0.01 s, and
the maximum power is 110.25W. MPP can be tracked faster
and smoother, and the fluctuation of tracking process is very
small.

Compared with Figures 13 and 14, the classical P&O
algorithm oscillates around MPP, and maximum power
cannot be tracked accurately when solar irradiation mutates.
With the improvedMPPT algorithm, the output power curve
is smoother under the same conditions, and MPP is tracked
in a shorter time.

5. Conclusion

In this paper, the variable P&O MPPT algorithm based
on 𝑃-𝑈 curve reconstitution has been proposed to track
MPP. And the proposed algorithm has been verified with
the simulation. Compared with the classical P&O algorithm,
results show thatMPP is tracked accuratelywith the proposed
algorithm, and themisjudgment is eliminated effectively, and
the contradiction between tracking speed and accuracy is also

relieved.The simulation result verifies the effectiveness of the
proposed algorithm.
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High voltage gain power converters are very important in photovoltaic applications mainly due to the low output voltage of
photovoltaic arrays. This kind of power converters includes three or more semiconductor devices and four or more energy storage
elements, making the dynamical analysis of the controlled system more difficult. In this paper, the boost-flyback power converter
is controlled by peak-current mode with compensation ramp. The closed-loop analysis is performed to guarantee operation
conditions such that a period-1 orbit is attained. The converter is considered as a piecewise linear system, and the closed-loop
stability is determined by using the monodromymatrix, obtained by the composition of the saltation matrixes with the solutions of
the dynamical equations in the linear intervals. The largest eigenvalue of the monodromy matrix gives the stability of the period-1
orbit, and a deep analysis using bifurcation diagrams let us reach a conclusion about the loss of the stability, which is experimentally
verified. To avoid overcompensation effects, theminimum value required by the compensation ramp is obtained, and theminimum
andmaximum values of the load resistance are found too.The system has a good transient response under disturbances in the load
and in the input voltage.

1. Introduction

High gain power converters have attracted great interest
thanks to the wide variety of new applications. Photovoltaic
panels and fuel cells are application examples, in which
high gain power converters play an important role in the
development of new architectures aiming to improve the
power systems efficiency and energy quality [1]. The classic
boost converter is a simple structure but, in practice, only
works for voltage gains near to two and needs extreme duty
cycles for higher voltage gains [2]. Extreme duty cycles are
undesirable, because the MOSFET is closed most of the time
and the conduction power losses increase. To avoid extreme
duty cycles, a slope compensation may be used. However, as
the slope increases, the system exhibits overcompensation [3]
and limitations for high gains are present again. To solve this
problem, new converters have been designed and tested.Most
of these new technologies use more semiconductor elements

and more storage energy elements, and, consequently, the
nonlinear behavior rises as well as the complexity of the
model. As the complexity increases, there are new challenges
regarding control strategies and stability analysis.

In this paper, we analyze the boost-flyback converter
which was initially proposed in [2, 4, 5] and then studied in
[6]. It is a high gain voltage converter with two capacitors,
two coupled inductors, one controlled switch (MOSFET),
and two uncontrolled switches (diodes). The main practical
advantages of this converter are as follows: no extreme duty
cycles are required to obtain high voltage gains and the recti-
fier reverse recovery problem is alleviated [2]. Starting from
this basic structure, new and different configurations have
been proposed. A summary list of applications of the coupled
inductor in dc-dc converters can be found in [7]. Photovoltaic
applications of boost-flyback converters have been studied in
[8] and battery charging applications in [9]. In [10], a single-
stage single-switch parallel boost-flyback-flyback converter
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with high gain and high efficiency is proposed and analyzed
by linearization of its large signal equations. In [11], a coupled
inductor is used in the boost-cell of boost-flyback converter
to reduce the voltage stress across the output diode and obtain
ripple free input current, increasing the complexity of the
model. In [12], high voltage gain is obtained by using input-
parallel output-series of two windings of coupled inductor;
even though the objective is reached, the complexity of
the model increases considerably, making it more difficult
to analyze the system. In [13], a system based on coupled
inductor transfer source energy is designed and analyzed in
steady state. To obtain the desired results, four capacitors
and four diodes are used. In [14], a small signal modelling
for high voltage gain and high efficiency dc-dc converters
is developed. This approach does not include nonlinear
behavior and the results cannot be confirmed. In [15], a new
high step-up dc-dc converter with three capacitors, three
inductors, four diodes, and oneMOSFET is designed (i.e., six
dynamical equations and 32 possible topologies to analyze).

Despite the fact that a lot of work has been devoted to
analyze and control systems similar to the boost-flyback con-
verter, there are three main weaknesses associated: (1) all the
reported analyses are performed by linear methods starting
from a chosen steady-state solution. As the system is highly
nonlinear, it is not possible to guarantee the steady state, since
eventually the system state may evolve to a different limit
solution. (2)Themathematical tools to analyze the dynamical
behavior are based on linear systems, for which nonlinear
phenomena, such as coexistence of attracting solutions, bifur-
cating phenomena, quasiperiodicity, and even chaos, cannot
be investigated. (3) Most of the proposed systems have six or
more energy storage elements and three or more semicon-
ductor devices, increasing the complexity of dynamic equa-
tions to be analyzed which is probably the reason why rigor-
ous mathematical analyses are not performed in any paper.

In this paper, we analyze and control the boost-flyback
converter using nonlinear methods to guarantee operation in
a defined oscillating steady state using bifurcation diagrams.
The analysis uses numerical tools for piecewise smooth linear
models [16], in order to derive analytic conditions for stability
of solutions and to determine a suitable set of parameters.The
study focusses on the stability analysis for periodic orbits by
means of the spectrum of the fundamental matrix associated
with an equivalent discretemap [17].The analytical procedure
implies the use of a saltation matrix [17, 18], in order to
infer some implicit time derivatives related to the switching
times.The system is controlled by a PI (Proportional Integral)
peak-current controller with slope compensation. A peak-
current controller with slope compensation has been studied
with basic topologies [19–21], where the design parameters
are determined in order to avoid overcompensations [3].
The limit value of the slope compensation as well as the
range of the load resistances is computed analytically and
confirmed by bifurcation diagrams obtained numerically. As
far as we know, neither mathematical tools nor PI peak-
current control with slope compensation has been used to
analyze and control the boost-flyback converter. Finally, to
complete the work, an experiment has been designed and
experimental data are consistent with numerical results.

The paper is organized as follows. In Section 2, the math-
ematical model in open-loop and the PI peak-current con-
troller with compensation ramp are introduced. In Section 3,
the stability analysis and bifurcation diagrams are com-
puted. The stability is performed based on the study of the
monodromy matrix, using saltation matrixes. Bifurcation
diagrams are computed by numerical methods, confirming
andwidening the results obtained by themonodromymatrix.
With these results, limits on load resistance, input voltage,
reference voltage, and compensation slope are obtained. In
Section 4, the dynamical behavior is performed, when differ-
ent disturbances are considered. In Section 5, experimental
results showing the loss of the stability of the period-1 orbit
and the transition to chaos are displayed. Conclusions are
presented in the last section.

2. The Controlled Boost-Flyback Converter

The peak-current control for a boost-flyback converter is
schematized in Figure 1.The aim of this converter is to obtain
high voltage gains without extreme duty cycle values. The
duty cycle, noted as 𝑑 ∈ [0 1], is the ratio between the time
that theMOSFET is closed 𝑡on(MOSFET) and the period 𝑇 of an
external clock.

The controlled boost-flyback converter is composed by
two magnetically coupled inductors (𝐿𝑝 and 𝐿 𝑠), one MOS-
FET (𝑆), two diodes (𝐷1 and𝐷2), two capacitors (𝐶1 and𝐶2),
the load resistance (𝑅), and two control loops, one external
(for the voltage) and one internal (for the current). The
external loop includes a PI control action for the error 𝑒 fl
𝑉ref − 𝑉out and a compensation ramp with slope 𝐴𝑟/𝑇. This
loop generates the reference value for the internal current
control loop. Finally, a RS flip-flop with external clock is
used. The purpose is to obtain and keep a desired regulated
voltage value (𝑉ref ) across the terminals of the load 𝑅, even
in the case when some parameters change their values. The
output voltage is taken from the voltages across the capacitors
𝐶1 and 𝐶2; that is, 𝑉out = 𝑉𝐶1 + 𝑉𝐶2. This configuration
has the features from the boost and the flyback converters
in a single structure, obtaining high voltage gains without
extreme duty cycles [4, 5]. Its drawback is the complexity
mainly due to two reasons. The first one is the increasing
number of topological configurations, as a result of the diodes
and the MOSFET.There are, in fact, eight possible topologies
but only six of them are physically reachable. The second
reason is that the diodes are not controllable; that is, they
commute according to the voltage across their terminals or
the current passing through them, and no external signal can
be applied to change the diode position. This restriction can
make it difficult to control the system. Despite these facts, in
this paper, the equations describing the dynamical system are
found and a peak-current controller is designed and analyzed
to guarantee (1) stability of the period-1 orbit in a determined
range of the parameter values, (2) fast transient response, and
(3) voltage gains near to five without extreme duty cycles and
with low output error; that is, 𝑒 ≈ 0.

2.1. Modelling. To model the PI peak-current controller
for a boost-flyback converter, we consider the following
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Figure 1: Schematic diagram of the peak-current control with compensation ramp for a boost-flyback converter.

assumptions: (1) the MOSFET and diodes work as ideal
switches; that is, they have only on and off positions and
the change is instantaneous, (2) the diodes do not have
internal resistances, (3) capacitors are ideal, and (4) the
internal resistances are constant when they are considered.
The equations of the system are given in

𝑉𝑝 = 𝐿𝑝

𝑑𝑖𝑝

𝑑𝑡
+𝑀

𝑑𝑖𝑠

𝑑𝑡
+ (𝑟𝑝 + 𝑟DS(on)) 𝑖𝑝,

𝑉𝑠 = 𝐿 𝑠

𝑑𝑖𝑠

𝑑𝑡
+𝑀

𝑑𝑖𝑝

𝑑𝑡
+ 𝑟𝑠𝑖𝑠,

𝑖𝑠 = 𝐶2

𝑑𝑉𝐶2

𝑑𝑡
+
𝑉𝐶1 + 𝑉𝐶2

𝑅
,

𝑖𝑝 = 𝐶1

𝑑𝑉𝐶1

𝑑𝑡
+
𝑉𝐶1 + 𝑉𝐶2

𝑅
,

𝑑𝐼𝑒

𝑑𝑡
= 𝑉ref − (𝑉𝐶1 + 𝑉𝐶2) ,

(1)

where 𝑖𝑝 and 𝑖𝑠 are the primary and secondary inductor cur-
rents, respectively;𝑀 is themagnetizing inductance; 𝑟DS(on) is
theMOSFET internal resistance and is only considered when
the MOSFET is on; 𝑟𝑝 and 𝑟𝑠 are the internal resistances of

the primary and secondary inductors; 𝑉𝐶1 and 𝑉𝐶2 are the
voltages across the capacitors 𝐶1 and 𝐶2; 𝐼𝑒 is the integral
of the output error 𝑒; 𝑉𝑝 and 𝑉𝑠 are the voltages across
the primary and secondary inductors, and they must be
replaced such that a set of solvable differential equations
can be derived. These voltages depend on the MOSFET and
diode positions leading to six possible states from 𝐸1 to
𝐸6 which are listed in Table 1. Taking the state variables
𝑋 fl [𝑖𝑝 𝑖𝑠 𝑉𝐶1 𝑉𝐶2 𝐼𝑒]

𝑇 and replacing 𝑉𝑝 and 𝑉𝑠 by the
corresponding expressions, the system can be expressed in a
compact form as

�̇� (𝑡) = 𝐴 𝑖𝑋 (𝑡) + 𝐵𝑖𝑉in. (2)

(i) State 1 (𝐸1) is

𝐴1 =

[
[
[
[
[
[
[
[
[
[
[
[
[

[

0 0 0 0 0

0 0 0 0 0

0 0 −
1

𝑅𝐶1

−
1

𝑅𝐶1

0

0 0 −
1

𝑅𝐶2

−
1

𝑅𝐶2

0

0 0 −1 −1 0

]
]
]
]
]
]
]
]
]
]
]
]
]

]

,
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Table 1: States of the boost-flyback converter.

State 𝑆 𝐷2 𝐷1

𝐸1 Off Off Off
𝐸2 Off Off On
𝐸3 Off On Off
𝐸4 Off On On
𝐸5 On Off Off
𝐸6 On On Off

𝐵1 =

[
[
[
[
[
[
[
[
[
[
[
[
[

[

0

0

0

0

𝑉ref
𝑉in

]
]
]
]
]
]
]
]
]
]
]
]
]

]

.

(3)

(ii) State 2 (𝐸2) is

𝐴2 =

[
[
[
[
[
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[
[
[
[
[
[
[

[

−

𝑟𝑝
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0 −
1
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0 0

0 0 0 0 0

1

𝐶1

0 −
1

𝑅𝐶1

−
1

𝑅𝐶1

0

0 0 −
1

𝑅𝐶2

−
1

𝑅𝐶2

0

0 0 −1 −1 0

]
]
]
]
]
]
]
]
]
]
]
]
]
]

]

,
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[
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(4)

(iii) State 3 (𝐸3) is
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(5)

(iv) State 4 (𝐸4) is

𝐴4 =
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(6)

(v) State 5 (𝐸5) is
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(7)



Journal of Control Science and Engineering 5

(vi) State 6 (𝐸6) is

𝐴6

=

[
[
[
[
[
[
[
[
[
[
[
[
[
[

[

−

𝐿 𝑠 (𝑟𝑝 + 𝑟DS(on))

𝑚

𝑀𝑟𝑠

𝑚
0

𝑀

𝑚
0

𝑀(𝑟𝑝 + 𝑟DS(on))

𝑚
−

𝐿𝑝𝑟𝑠

𝑚
0 −

𝐿𝑝

𝑚
0

0 0 −
1

𝑅𝐶1

−
1

𝑅𝐶1

0

0
1

𝐶2

−
1

𝑅𝐶2

−
1

𝑅𝐶2

0

0 0 −1 −1 0

]
]
]
]
]
]
]
]
]
]
]
]
]
]

]

,

𝐵6 =

[
[
[
[
[
[
[
[
[
[
[
[

[

𝐿 𝑠

𝑚

−
𝑀

𝑚

0

0

𝑉ref
𝑉in

]
]
]
]
]
]
]
]
]
]
]
]

]

,

(8)

where 𝑖 ∈ {1, 2, 3, 4, 5, 6} corresponds to the state of the
switches in the system. 𝑉in is the input voltage, 𝐴 𝑖 and 𝐵𝑖
are associated with the state 𝐸𝑖, and 𝑚 = 𝐿𝑝𝐿 𝑠 − 𝑀

2. As
the state of the converter changes among 𝐸1 ⋅ ⋅ ⋅ 𝐸6 depending
on the position of semiconductor devices, the system can
be modeled as a piecewise linear system [22]. A complete
description to obtain the state equations is analyzed in [6].
The states 𝐸1, 𝐸2, 𝐸3, and 𝐸4 can be present when the
MOSFET is off, and states 𝐸5 and 𝐸6 can be present if the
MOSFET is on. The state transition diagram is shown in
Figure 2 and the conditions for the transitions are 𝑐1 : 𝐼𝑐−𝑖𝑝 ≤
0; 𝑐2 : mod(𝑡, 𝑇) = 0, ∧, 𝐼𝑐 − 𝑖𝑝 > 0; 𝑐3 : 𝑉𝐶1 + 𝑉𝑝 − 𝑉in ≤ 0;
𝑐4 : 𝑖𝑝 ≤ 0; 𝑐5 : 𝑖𝑠 ≤ 0; 𝑐6 : 𝑉𝐶2 + 𝑉𝑠 ≤ 0; and 𝑐7 : 𝐼𝑐 − 𝑖𝑝 ≤
0, ∧, 𝑉𝐶2 + 𝑉𝑠 ≤ 0, ∧, 𝑑𝐼𝑝/𝑑𝑡 ≤ 0.

2.2. Peak-Current Controller. Thepeak-currentmode control
has been successfully applied to power converters [19, 20, 23–
25], and itworks as follows.The error of the system, 𝑒, is scaled
and integrated through a PI controller to generate the control
signal𝐾𝑝(𝑉ref − (𝑥3(𝑡) + 𝑥4(𝑡))) +𝐾𝑖𝑥5(𝑡). The compensation
ramp is subtracted from this value to obtain the peak-current
reference 𝐼𝑐 given by

𝐼𝑐 = 𝐾𝑝 (𝑉ref − (𝑥3 (𝑡) + 𝑥4 (𝑡))) + 𝐾𝑖𝑥5 (𝑡)

−
𝐴𝑟

𝑇
mod (𝑡, 𝑇) ,

(9)

where 𝐴𝑟 > 0. The 𝐼𝑐 signal is compared with the primary
inductor current and the result of this comparison enters
to reset flip-flop pin. The set flip-flop pin is connected to
an external clock with period 𝑇, switching on the MOSFET
at the beginning of each cycle. When the primary inductor
current is lower than 𝐼𝑐, the flip-flop output is logic 1 and
the MOSFET is on (𝑈 = 1). If the primary inductor current
is equal to or greater than 𝐼𝑐, then the flip-flop is reset and

c1

c1

c2

c2

c2

c2

c3

c3

c4

c4

c5 c5

c5

c6

c7E1 E2

E3
E4

E5

E6

Figure 2: State transition diagram.
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Figure 3: Behavior of primary (top) and secondary inductor
(bottom) currents in steady state.

the MOSFET changes to off (𝑈 = 0) and it remains in this
position until the beginning of next cycle, when it changes to
on again. The duty cycle is defined as 𝑑 = 𝑡on(MOSFET)/𝑇 and
𝑑 ∈ [0, 1].

3. Stability and Bifurcation Diagrams Analysis

Figure 3 presents the behavior of the primary and secondary
inductor currents operating in a period-1 orbit. For the cho-
sen parameters (see Table 2), the numerical analysis deter-
mined that the states involved in this periodic solution are𝐸6,
𝐸5, 𝐸4, and 𝐸3 (see Table 1). TheMOSFET is closed when the
system operates in 𝐸6 and 𝐸5, and it is open in states 𝐸4 and
𝐸3. The solution of the system in one period (𝑇) is given by

𝑋((𝑘 + 1) 𝑇) = 𝜙6 (𝜙5 (𝜙4 (𝜙3 (𝑋 (𝑘𝑇))))) , (10)

where 𝜙𝑖(𝑋(⋅)) is the solution of the linear part in the
corresponding interval of time Δ𝑡𝑖, with its corresponding
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Table 2: Parameter values.

Parameters
𝐿𝑝 183 𝜇H
𝐿 𝑠 724 𝜇H
𝑀 362.5 𝜇H
𝑟𝑝 0.078Ω
𝑟𝑠 0.312Ω
𝑟DS(on) 0.044Ω
𝐶1 220 𝜇F
𝐶2 220 𝜇F
𝑅 100Ω
𝐾𝑝 2A/V
𝐾𝑖 350
𝐴𝑟 2.8 A
𝑉ref 100V
𝑇 1/12000 s ≈83.3 𝜇s

initial condition. It can be computed as 𝜙𝑖(𝑋(⋅)) = 𝑒
𝐴𝑖Δ𝑡𝑖𝑋(⋅)

+ ∫
Δ𝑡𝑖

0
𝑒
𝐴𝑖(Δ𝑡𝑖−𝜏)𝐵𝑖𝑉in𝑑𝜏. Equation (10) can be expressed in a

simplified way as

𝑋 ((𝑘 + 1) 𝑇) = Φ (𝑋 (𝑘𝑇)) . (11)

If Φ(𝑋(𝑘𝑇)) is such that 𝑋((𝑘 + 1)𝑇) = 𝑋(𝑘𝑇), we have the
solution of the period-1 orbit. The procedure to determine
the stability of period-1 orbit in smooth systems is simpler
than in switched systems, because in the last case it is
necessary to consider the discontinuity in the vector field.
Then, in this kind of systems, the monodromy matrix (𝑀)
is computed using the solutions of the system in the linear

part and introducing the correction provided by the saltation
matrixes at the switching instants [26]. This matrix allows
finding the relation between the state variables at the end of
one period with respect to the ones starting very close to the
period-1 solution, such that

𝑋𝑝 ((𝑘 + 1) 𝑇) = 𝑀𝑋𝑝 (𝑘𝑇) , (12)

where the subscript 𝑝 refers to the perturbed state at the
beginning and the end of one cycle. As there are four
states 𝐸𝑖, then there are three changes in the position of
MOSFET/diodes. The switching times are noted as 𝑡Σ1 = 𝑡1,
𝑡Σ2

= 𝑑𝑇, and 𝑡Σ3 = 𝑡2 (see Figure 3), and𝑀 is computed as

𝑀 = 𝜙 (𝐴3, 𝐵3, 𝑡 = 𝑡2 ⋅ ⋅ ⋅ 𝑇) ⋅ 𝑆3

⋅ 𝜙 (𝐴4, 𝐵4, 𝑡 = 𝑑𝑇 ⋅ ⋅ ⋅ 𝑡2) ⋅ 𝑆2

⋅ 𝜙 (𝐴5, 𝐵5, 𝑡 = 𝑡1 ⋅ ⋅ ⋅ 𝑑𝑇) ⋅ 𝑆1

⋅ 𝜙 (𝐴6, 𝑡 = 0 ⋅ ⋅ ⋅ 𝑡1) ,

(13)

where 𝑆𝑖 are the saltation matrixes associated with each
switching instant. In general, the expression to evaluate 𝑆 is
given by

𝑆 = 𝐼 +
(𝑓+ (𝑋 (𝑡Σ) , 𝑡Σ) − 𝑓− (𝑋 (𝑡Σ) , 𝑡Σ)) 𝑛

𝑇

𝑛
𝑇
𝑓− (𝑋 (𝑡Σ) , 𝑡Σ) + (𝜕ℎ (𝑋 (𝑡) , 𝑡) /𝜕𝑡)|𝑡=𝑡Σ

, (14)

where 𝑡Σ is the switching instant; 𝐼 is the identity matrix with
proper dimensions; 𝑓−(𝑋(𝑡Σ), 𝑡Σ) and 𝑓+(𝑋(𝑡Σ), 𝑡Σ) are the
vector fields before and after the switching time, respectively;
ℎ(𝑋(𝑡), 𝑡) is the corresponding switching surface; and 𝑛 is the
normal vector to the switching surface that is computed as

𝑛 = [
𝜕ℎ (𝑋 (𝑡) , 𝑡)

𝜕𝑥1 (𝑡)

𝜕ℎ (𝑋 (𝑡) , 𝑡)

𝜕𝑥2 (𝑡)

𝜕ℎ (𝑋 (𝑡) , 𝑡)

𝜕𝑥3 (𝑡)

𝜕ℎ (𝑋 (𝑡) , 𝑡)

𝜕𝑥4 (𝑡)

𝜕ℎ (𝑋 (𝑡) , 𝑡)

𝜕𝑥5 (𝑡)
]

𝑇

. (15)

The three saltation matrixes are computed using the
following equations. The first commutation arises when the
secondary inductor current 𝑥2(𝑡) goes down to zero. The
switching instant is called 𝑡 = 𝑡1 (see Figure 3).The switching
surface ℎ1(𝑋(𝑡), 𝑡), 𝜕ℎ1(𝑋(𝑡), 𝑡)/𝜕𝑡, and the normal vector are
given by

ℎ1 (𝑋 (𝑡) , 𝑡) = 𝑥2 (𝑡) ,

𝜕ℎ1 (𝑋 (𝑡) , 𝑡)

𝜕𝑡

𝑡=𝑡1

= 0,

𝑛1 = [0 1 0 0 0]
𝑇
.

(16)

The vector fields before and after switching instants evaluated
at 𝑡Σ1 are

𝑓− (𝑋 (𝑡1) , 𝑡1) = 𝐴6𝑋(𝑡1) + 𝐵6𝑉in,

𝑓+ (𝑋 (𝑡1) , 𝑡1) = 𝐴5𝑋(𝑡1) + 𝐵5𝑉in.
(17)

The second commutation occurs when the primary
inductor current 𝑥1(𝑡) reaches the current reference given by
the controller. This switching instant is called 𝑡Σ2 = 𝑑𝑇 and
defines the duty cycle. The equations to define the switching
surface (ℎ2(𝑋(𝑡), 𝑡)), 𝜕ℎ2(𝑋(𝑡), 𝑡)/𝜕𝑡, and the normal vector
are given by

ℎ2 (𝑋 (𝑡) , 𝑡) = 𝐾𝑝 (𝑉ref − (𝑥3 (𝑡) + 𝑥4 (𝑡)))

+ 𝐾𝑖𝑥5 (𝑡) −
𝐴𝑟

𝑇
mod ( 𝑡

𝑇
)

− 𝑥1 (𝑡) ,

𝜕ℎ2 (𝑋 (𝑡) , 𝑡)

𝜕𝑡

𝑡=𝑑𝑇

= −
𝐴𝑟

𝑇
,

𝑛2 = [−1 0 −𝐾𝑝 −𝐾𝑝 𝐾𝑖]
𝑇
.

(18)
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Figure 4: Steady state and stability of period-1 orbit as 𝐴𝑟 varies in [0, 10]A.

The vector fields before and after switching instants are

𝑓− (𝑋 (𝑑𝑇) , 𝑑𝑇) = 𝐴5𝑋 (𝑑𝑇) + 𝐵5𝑉in,

𝑓+ (𝑋 (𝑑𝑇) , 𝑑𝑇) = 𝐴4𝑋 (𝑑𝑇) + 𝐵4𝑉in.
(19)

The last commutation arises when the primary inductor
current 𝑥1(𝑡) goes down to zero. This time is noted as 𝑡Σ3 =
𝑡2. The equations and terms associated with this switching
instant are

ℎ3 (𝑋 (𝑡) , 𝑡) = 𝑥1 (𝑡) ,

𝜕ℎ3 (𝑋 (𝑡) , 𝑡)

𝜕𝑡

𝑡=𝑡2

= 0,

𝑛3 = [1 0 0 0 0]
𝑇
,

𝑓− (𝑋 (𝑡2) , 𝑡2) = 𝐴4𝑋(𝑡2) + 𝐵4𝑉in,

𝑓+ (𝑋 (𝑡2) , 𝑡2) = 𝐴3𝑋(𝑡2) + 𝐵3𝑉in.

(20)

The general procedure to assess the stability of the period-
1 orbit in this kind of switched systems can be summarized as
follows [21]:

(1) Find the value of the state vector 𝑋 at the beginning
of the period-1 orbit (noted as 𝑋∗) together with the
switching times 𝑡1, 𝑑𝑇, and 𝑡2, solving the following
equations:

𝑋
∗
= Φ (𝑋

∗
) equation (11)

0 = 𝑥2 (𝑡1)

0 = 𝐼𝑐 (𝑑𝑇) − 𝑥1 (𝑑𝑇)

0 = 𝑥1 (𝑡2) .

(21)

(2) Once 𝑋∗, 𝑡1, 𝑑𝑇, and 𝑡2 are found, compute the
saltation matrix 𝑆𝑖 (from (14) and (16)–(20)) and the
monodromy matrix (from (13)).

(3) Next, compute 𝑋𝑝((𝑘 + 1)𝑇) = 𝑀𝑋𝑝(𝑘𝑇), where the
subscript 𝑝 refers to the perturbed orbit.

(4) Compute all eigenvalues (𝜆𝑖) of𝑀.
(5) If all eigenvalues are within the unit circle, then the

period-1 orbit is stable.

Using the procedure described before and data from
Table 2, we proceed to determine the stability of the period-
1 orbit for the peak-current controlled boost-flyback con-
verter. Figure 4(a) shows the bifurcation diagram when the
amplitude of compensation ramp 𝐴𝑟 ∈ [0, 10]A changes
and 𝑉in = 18V, and Figure 4(b) presents the behavior of
the Largest Absolute Value of its Eigenvalues (LAVE). The
bifurcation analysis lets us define the minimum value of the
compensation ramp such that the system is stable. As the
amplitude increases, the slope increases too, and the system
is more stable (see Figure 4(b)), but overcompensation can
be present. Close to 𝐴𝑟 = 2.65A, the stability of the period-
1 orbit changes and makes the periodic orbit unstable. The
stability is lost through period-doubling bifurcation [27].

In a similar way, the stability of period-1 orbit is analyzed
when the input voltage changes in the range 𝑉in ∈ [10, 18]V
and𝐴𝑟 = 2.8A. As in the previous case, the stability is lost by
a period-doubling bifurcation, when 𝑉in ≈ 17.3V.This result
is presented in Figure 5(a) and the variation of the LAVE
is presented in Figure 5(b). Figures 6(a) and 6(b) show the
steady state of the output voltage and the evolution of the
LAVE, when the load 𝑅 ∈ [50, 300]Ω, 𝑉in = 18V, and
𝐴𝑟 = 2.8A. The system experiences the same bifurcation
close to 74.5Ω.
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Figure 6: Steady state and stability of period-1 orbit as 𝑅 varies in [50, 300]V.

According to the previous results, it is necessary to
determine the range of the parameter values such that the
orbit is stable. To complete the analysis, the period-1 orbit
is analyzed, as two parameters vary. Figures 7(a) and 7(b)
show the behavior of the LAVE fixing 𝐴𝑟 = 2.8A and vary-
ing 𝑉in ∈ [18, 25]V and 𝑅 ∈ [80, 200]Ω, in the first case, and
𝑉in ∈ [18, 25]V and 𝑉ref ∈ [90, 120]V, in the second one.
The stability of the period-1 orbit is guaranteed for 𝑅 ∈ [80,
200]Ω, 𝑉in ∈ [18, 25]V, and 𝑉ref ∈ [90, 100]V. In other

ranges of the parameter values, the system evolves to another
period-1 orbit, to a high-periodic orbit, or to a chaotic
attractor.

4. Dynamic Behavior of the Controlled
Boost-Flyback Converter

According to the results, in this section, we test and compare
the performance of the controlled system with 𝐴𝑟 = 2.8A
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Figure 8: Error response for different values of 𝐴𝑟.

and𝐴𝑟 = 10A, when sudden perturbations in the load and in
the input voltage are considered. In Figure 8(a), the percent-
age of the output voltage error is shown when disturbances
occur in the input voltage (i.e., 𝑉in ∈ [18, 25]V). At 𝑡 =
0 s, the system is initialized with 𝑋(0) = [0 0 49 49 0]

𝑇,
𝑉in = 18V, and 𝑅 = 200Ω; at 𝑡 = 66.7ms, the input voltage
changes to 25V and then finally turns to 18V again at 𝑡 =
133.2ms. Figure 8(b) shows the percentage of output voltage
error, when the load is changed. In 𝑡 = 0 s, the system is ini-
tialized with the previous initial conditions, 𝑉in = 18V and
𝑅 = 300Ω; at 𝑡 = 66.7ms, the load changes to 80Ω and then
finally changes to 300Ω at 𝑡 = 133.2ms.

Themain characteristics of the transient and steady states
are presented in Table 3. The system with lower slope (𝐴𝑟 =

2.8A) recovers faster than the system with 𝐴𝑟 = 10A. This
is because high values of the compensation ramp make it
slow. The steady state errors are equal for both values of
the compensation ramp. Other performance indexes such as
overshoot,maximumcurrent, and integral of the square error
have no significant differences.

5. Experimental Results

In order to validate the numerical results including some
types of behavior of the dynamical system, an experimental
set-up was implemented (see Figure 9) and tested. In Table 4,
the references of the integrated circuits as well as other
parameter values are presented. 𝑅span varies from 4.5Ω
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Figure 9: Circuit diagram of the experimental set-up.

to 18Ω depending on the compensation ramp value. For
example, for 𝐴𝑟 = 0.7, 𝑅span = 4.5KΩ; for 𝐴𝑟 = 2.8,
𝑅span = 18KΩ.

Figures 10–12 show different responses depending on the
compensation ramp. In particular the transition fromperiod-
1 to period-2 to period-4 orbits can be clearly observed as
the ramp varies starting from 𝐴𝑟 = 2.8 and ending with 𝐴𝑟
= 0.7. Figures 10(a), 11(a), and 12(a) show the simulation
results of the primary inductor current, which have been
scaled to facilitate the comparison with the experimental
results, in such a way that both vertical axes represent the
same quantities. Figures 10(b), 11(b), and 12(b) show the
experimental results of the primary inductor current.The real
value of the current is five times the value displayed by the
oscilloscope. In all cases, the desired output was𝑉out = 100V,
and the obtained output voltage was very close to this value
regardless the periodicity of the orbit.

Note that period-1 orbit (Figure 10) includes states 𝐸3
where 𝑖𝑝 = 0; 𝐸6 where 𝑖𝑝 has a high slope; 𝐸5 where 𝑖𝑝

continues growing; and 𝐸4 where 𝑖𝑝 decreases to zero and
the system turns to 𝐸3 again. Figure 11 includes state 𝐸5 in
one cycle and 𝐸5, 𝐸4, 𝐸3, and 𝐸1 in the second one. Figure 12
involves the following states and sequences. In the first cycle,
the system only works in state 𝐸5; in the second cycle, 𝐸5, 𝐸4,
and𝐸3 are present; in the third one, states𝐸6 and𝐸5 are active;
and, in the last one, the system commutes among states𝐸5,𝐸4,
𝐸3, and 𝐸1.

6. Conclusions

The analysis performed in this paper shows that the boost-
flyback power converter with a PI control for the peak-
current necessarily requires the use of a compensation ramp,
because otherwise the period-1 orbit is always unstable for the
input voltage, reference voltage, and load resistance typically
chosen in applications.

A complete analysis, including stability, overcompensa-
tion, and disturbance rejection, was performed for a set
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0
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Figure 10: Period-1 orbit.

0

ip → 500mV/Div
Vout → 20V/Div

(a) Simulations of primary current (red signal) and output voltage
(yellow signal)

0

ip → 500mV/Div
Vout → 20V/Div

(b) Experimental results of primary current (red signal) and
output voltage (yellow signal)

Figure 11: Period-2 orbit.

of parameter ranges. These analyses let us conclude the
value of the compensation ramp and determine the range of
the other parameters 𝑉in, 𝑉ref , and 𝑅, such that the power
converter works in the same period-1 orbit, despite para-
meters variations.

Results obtained from the experimental set-up agree
with simulations. Particularly, it was possible to see the first
period-doubling bifurcation (period-1 to period-2 transition)
and the second period-doubling bifurcation (period-2 to
period-4 transition). The chaotic behavior was impossible to
see due to power constraints of the experiment.

The period-1 orbit given by𝐸6 → 𝐸5 → 𝐸4 → 𝐸3 permits
amplifying the input voltage up to five times, with duty cycles
near to 60%.The duty cycle depends on the load resistance 𝑅,
the input voltage 𝑉in, and the reference voltage 𝑉ref .

In all cases and ranges analyzed in this paper, the stability
is lost by a period-doubling bifurcation. This bifurcation
is closely followed by a corner collision, preserving the
periodicity of the orbit but changing the states sequence
(Figure 11). In this case, the state 𝐸6 disappears.

Another way to lose the stability of the period-1 orbit is
falling into the basin of attraction of the other period-1 orbit.
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0

ip → 500mV/Div
Vout → 20V/Div

(a) Simulations of primary current (red signal) and output voltage
(yellow signal)

ip → 500mV/Div
Vout → 20V/Div

0

(b) Experimental results of primary current (red signal)
and output voltage (yellow signal)

Figure 12: Period-4 orbit.

Table 3: Performance.

Analysis Perturbation Time (s) 𝐴𝑟 = 2.8 𝐴𝑟 = 10

𝑖𝑝(max)
𝑖𝑠(max)

𝑉in — 7.34A/3.39A 7.404A/3.386A
𝑅 — 12.36A /4.4 A 12.362A/4.46A

Overshoot(max)
𝑉out(max) − 𝑉out(ss)

𝑉out(ss)
100%

𝑉in

0 3.71% 5.35%
0.0667 1.15% 1.69%
0.133 0.77% 1.07%

𝑅

0 3.05% 4.53%
0.0667 3.13% 3.17%
0.133 2.97% 3.03%

Settling time

𝑉in

0 ≤ 𝑡 < 0.0667 32.97ms 36.13ms
0.0667 ≤ 𝑡 < 0.133 4.7ms 16.4ms
0.133 ≤ 𝑡 < 0.2 12.3ms 22.3ms

𝑅

0 ≤ 𝑡 < 0.0667 48.66ms 57.82ms
0.0667 ≤ 𝑡 < 0.133 42.1ms 42.6ms
0.133 ≤ 𝑡 < 0.2 40.9ms 40.1ms

Steady state %e

∫

∞

0

𝑒(𝑡)
2
𝑑𝑡

𝑉in

0 ≤ 𝑡 < 0.0667 0.49% 0.49%
0.0667 ≤ 𝑡 < 0.133 0.41% 0.41%
0.133 ≤ 𝑡 < 0.2 0.49% 0.49%

𝑅

0 ≤ 𝑡 < 0.0667 0.23% 0.23%
0.0667 ≤ 𝑡 < 0.133 0.293% 0.293%
0.133 ≤ 𝑡 < 0.2 0.23% 0.23%
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Table 4: Integrated circuit specifications and parameter values of
the experiment.

Name Reference/value
IC1 𝐼𝑁𝐴128

IC2 𝑇𝐿084

IC3 𝐿𝑀311

𝑅𝑎 2MΩ
𝑅𝑏 2KΩ
𝑅shunt 0.011Ω

𝑅1 100KΩ
𝑅2 56KΩ
𝑅3 10KΩ
𝑅4 200KΩ
𝑅5 2KΩ
𝐶3 100 nF
𝐶4 10 nF
𝐶5 0.1 𝜇F
𝑉CC 5V
𝑉𝐵 1V

This situation occurs, for example, when the load resistance,
input voltage, or reference voltage increases.
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The gains of phase-locked-loop (PLL) have significant impacts on the power transfer limits for the voltage source converter (VSC)
connected to weak AC system.Therefore, in this paper, an improved PLL control, respectively, with alternative damping factors for
rectifier and inverter is proposed. First, it is proved that the impedance angle of AC system has a great impact on the small-signal
stability of the VSC system. With the same variation tendency of Thévenin equivalent resistance, the limits of power transmission
are changing in opposite trends for rectifier and inverter. Second, the improved PLL with alternative damping factors is proposed
based on the participation factor analysis.Third, the optimal damping factors of the improved PLL control for rectifier and inverter
are calculated. Simulations and calculations validated the following three conclusions: (1) in rectifying operation, the equivalent
system resistance has a negative impact on the stability of the system and this is not the case for inverting operation; (2) adding
the alternative damping factors to PLL control shows similar results compared with changing the impedance angle of AC system;
(3) the proposed optimal damping factors of PLL can effectively extend the power transfer limits under both rectifier and inverter
modes.

1. Introduction

Renewable energy resources are emerging as a future energy
vector, and the voltage source converters (VSCs) are widely
used to integrate such energies into power system [1–4]. The
VSC-HVDC link connected to weak AC system with very
low short circuit ratio (SCR < 2) will emerge quite often in
the future [5–7]. However, the conventional vector-current
control in 𝑑-𝑞 frame exhibits poor dynamic performance
when applied to VSC connected to it. This brings a problem
that the transmitted power cannot reach the ideal limitation
for the unstable of small-signal model [8–17].

There are three possible approaches to solve this problem.
The first approach is shown in [8], which proposed an
advanced vector-current control to decouple the 𝑑-𝑞 outer-
loop control completely by optimizing the control parame-
ters. However, the provided method is quite complicated and
it is not suitable for frequent and rapid power changing.

The second approach shown in [9] is adopting power
synchronization control (PSC) as the main control strategy.

PSC is similar with power angle control.This control strategy
will not cause stable operating problems in extremely weak
AC systems. However, it behaves in relatively low response
speed due to the lack of the inner-loop current control and
hence it cannot satisfactorily meet the requirement of the AC
system.

The last approach shown in [10] is changing the parame-
ters of phase-locked-loop (PLL), especially the proportional
gain in PI controller. It has been recognized that the challeng-
ing for VSCs operating in weak AC system is caused by the
PLL dynamics. The response speed and small-signal stability
are contradictory characteristics of the system. With a high
proportional gain, the system response becomes quicker
while the power transfer limitations decrease. Further, [16]
reported that PLL has negative impact on the stability of
VSC connected to weak AC system with reduced order
model. However, quite few literatures have attempted to
optimize PLL control system to enhance the stability of VSCs
connected to weak AC system.
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Figure 1: The benchmark test model of VSC connected to weak AC system.

This paper aims to propose an improved PLL control
to extend the power transfer limitations. In the research of
this work, it has been recognized that the impedance angle
of weak AC system can also influence the power transfer
limits. Meanwhile, an important observation is that for VSCs
under different operation modes the equivalent resistance
(related to the impedance angle directly) has opposite effects
on the stability of VSCs. An advanced PLL with damping
factor is proposed in this paper to enhance the power transfer
limitations of grid-connected VSCs.

The rest of this paper is organized as follows. Section 2
presents the fundamental analysis of VSC connected to weak
AC system. Section 3 studies the influence on power transfer
limitations caused by impedance angle. Section 4 proposes an
advanced PLL control system to enhance the stability of VSC
connected to weakAC system. Section 5 verifies the proposed
control by several case studies. And Section 6 concludes this
paper.

2. Small-Signal Model of VSC Connected to
Weak AC System

2.1. Benchmark Test Model. A two-level VSC is adopted in
this paper as the topology.The testmodel is shown in Figure 1.
The weak AC system is represented by aThévenin equivalent
circuit and the equivalent impedance is 𝑅𝑔 + 𝑗𝜔𝐿𝑔. The
DC side of the converter is represented by a DC voltage
source. With the consideration of the current limitation
of transformer, a capacitor is shunted at PCC to provide
reactive power compensation. 𝐿𝑐 is the leakage inductance
of transformer and 𝑅𝑐 is the resistance between PCC and
converter.

Vector-current control is selected as system control
strategy and the control diagram is shown in Figure 2(a).
Active power (𝑃) control and AC voltage (𝑉) control are
adopted. Direct and quadrature current reference signals for
the inner-loop are generated from outer-loop control [18].
The simplified PLL model [19] is shown in Figure 2(b). With
PI controller, the quadrature voltage at PCC point equals zero
and the voltage phase angle can be accurately locked and
measured.

2.2. System and Control Equations. The state-space model
derived in this paper includes AC system and VSC controller
shown in Figures 1 and 2, respectively.

2.2.1. AC System Equations. The equations of AC system are

[

𝑒𝑑

𝑒𝑞

] − [

V𝑑
V𝑞
] = 𝑅𝑔 [

𝑖1𝑑

𝑖1𝑞

] + 𝐿𝑔

𝑑

𝑑𝑡

[

𝑖1𝑑

𝑖1𝑞

]

+ 𝜔𝐿𝑔 [

−𝑖1𝑞

𝑖1𝑑

] ,

[

V𝑑
V𝑞
] − [

V𝑐𝑑
V𝑐𝑞
] = 𝑅𝑐 [

𝑖2𝑑

𝑖2𝑞

] + 𝐿𝑐

𝑑

𝑑𝑡

[

𝑖2𝑑

𝑖2𝑞

]

+ 𝜔𝐿𝑐 [

−𝑖2𝑞

𝑖2𝑑

] ,

[

𝑖1𝑑

𝑖1𝑞

] − [

𝑖2𝑑

𝑖2𝑞

] = 𝐶𝑓

𝑑

𝑑𝑡

[

V𝑑
V𝑞
] + 𝜔𝐶𝑓 [

−V𝑞
V𝑑
] .

(1)

In this case, 𝑒𝑑 equals 𝐸𝑚 cos 𝛿 and 𝑒𝑞 equals −𝐸𝑚 sin 𝛿
and 𝛿 is the angle to which PCC voltage V leads equivalent
AC system voltage E.

2.2.2. Control System Equations. Active power control and
AC voltage control are adopted as system control. 𝑃ref and
𝑉ref are the references for active power and AC RMS voltage.
Inner-loop references of direct current 𝑖2𝑑ref and quadrature
current 𝑖2𝑞ref are calculated by outer-loop control:

𝑘pp (𝑃ref − 𝑃) + 𝑘ip ∫ (𝑃ref − 𝑃) 𝑑𝑡 = 𝑖2𝑑ref ,

𝑘pv (𝑉ref − 𝑉) + 𝑘iv ∫ (𝑉ref − 𝑉) 𝑑𝑡 = 𝑖2𝑞ref .

(2)

The inner-loop control equations are shown in

𝑘𝑝1 (𝑖2𝑑ref − 𝑖2𝑑) + 𝑘𝑖1 ∫ (𝑖2𝑑ref − 𝑖2𝑑) 𝑑𝑡

= 𝐿𝑐

𝑑𝑖2𝑑

𝑑𝑡

+ 𝑅𝑐𝑖2𝑑,
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Figure 2: Control diagram of VSC connected to weak AC system.

𝑘𝑝2 (𝑖2𝑞ref − 𝑖2𝑞) + 𝑘𝑖2 ∫(𝑖2𝑞ref − 𝑖2𝑞) 𝑑𝑡

= 𝐿𝑐

𝑑𝑖2𝑞

𝑑𝑡

+ 𝑅𝑐𝑖2𝑞.

(3)

The simplified PLL model is given by

𝜔 = 𝜔0 + 𝑘pllV𝑞 + 𝑐𝑘pll ∫ V𝑞𝑑𝑡,

𝜃 = ∫𝜔𝑑𝑡.

(4)

In this paper, 𝜔0 is specified as 100𝜋 rad/s.

2.2.3. State-Space Model. The detailed derivation of the state-
variable equations is given in the Appendix. Considering
that the references of active power and AC voltage are not
supposed to change for small-signal model, both Δ𝑃ref and
Δ𝑉ref equal zero.The linearized state-space model is given by

ΔẊ = AΔX, (5)

in which ΔX = [Δ𝑖1𝑑, Δ𝑖1𝑞, Δ𝑖2𝑑, Δ𝑖2𝑞, ΔV𝑑, ΔV𝑞, Δ𝑥1, Δ𝑥2,
Δ𝑥3, Δ𝑥4, Δ𝜃, Δ𝑥5]

𝑇. A is a 12-order matrix (the former 6
variables are AC system variables and the others are control
system variables). The detailed information of matrix A and
the definitions of 𝑥1∼𝑥5 are shown in the Appendix.

The operating point of VSC system and the power
controller parameters are shown in Table 1.

The eigenvalues of test model at the operating point of
𝑃ref = 1.33 and 𝑃ref = 1.50 are shown in Table 2.

Table 1: Parameters of VSC connected to weak AC system.

Parameter symbols Value

Main circuit
parameters

Equivalent AC source
voltage 𝐸 1.0 pu, 50Hz

Equivalent impedance
of AC system
𝑅
𝑔
+ 𝑗𝑋
𝑔

0.547 + 𝑗0.048 pu,
impedance angle 85∘

Equivalent AC system
SCR 1.83

Rated DC power
rating 1.0 pu

PCC voltage 1.0 pu
Converter impedance

𝑅
𝑐
+ 𝑗𝑋
𝑐

0.003 + 𝑗0.15 pu

Capacitor 𝐶
𝑓 0.15 pu

Controller
parameters

Power controller
gains (𝑘pp, 𝑘ip)

(0.5, 50)

AC voltage controller
gains (𝑘pv, 𝑘iv)

(0.35, 30)

Inner 𝑖
𝑑
controller

gains (𝑘
𝑝1
, 𝑘
𝑖1
) (1, 10)

Inner 𝑖
𝑞
controller

gains (𝑘
𝑝2
, 𝑘
𝑖2
) (1, 10)

PLL gains (𝑘pll, 𝑐) (50, 10)

With the eigenvalues shown inTable 2 (see the bold italic),
the predominant poles [20] ofmatrixA are selected to be 𝜆8,9.
The root-locus of 𝜆8,9 with active power changing is shown in
Figure 3. And some of the values in Figure 3 are picked up and
shown in Table 3.
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Table 2: Eigenvalues of the test model.

SCR = 1.37 (𝑃ref = 1.33 pu) SCR = 1.22 (𝑃ref = 1.5 pu)
𝜆
1

−1510 −1509

𝜆
2,3

−304 ± 𝑗1120 −366.9 ± 𝑗1180.6

𝜆
4

−1010 −840.6

𝜆
5,6

−46.3 ± 𝑗629 −78.4 ± 𝑗631.3

𝜆
7

−61.29 −59.8

𝜆8,9 −5.3 ± j23.1 5.2 ± j21.7
𝜆
10

−11.18 −10.8

𝜆
11

−99.54 −10

𝜆
12

−99.92 −10

Table 3: The detailed information of predominant poles.

𝑃 𝜆
8,9

Damping ratio Oscillation
frequency (Hz)

1.30 pu −9.86 ± 𝑗24.08 0.379 3.83
1.33 pu −5.30 ± 𝑗23.10 0.224 3.68
1.37 pu −2.80 ± 𝑗22.00 0.126 3.50
1.40 pu 0.22 ± j21.90 — 3.48
1.43 pu 1.51 ± 𝑗21.71 — 3.46

Figure 3 and Table 3 both show that, with the power
rising, the small-signal stability of test model is getting worse
and system becomes unstable when the active power reaches
about 1.4 pu.

2.2.4. Participation Factor Analysis. Participation factor can
be utilized to analyze the relationship between predominant
poles and state-variables [21–23]. The participation factor of
test model is shown in Table 4.

FromTable 4, it can be discovered that the outer-loop and
PLL control diagrams are likely to have more impacts on the
stability of VSC connected to weak AC system. Reference [8]
has proposed the outer-loop control approach, and this paper
will mainly focus on the PLL improvements.

3. The Impacts of System Impedance Angle on
Power Transfer Limitations

This section will analyze the impact of the system impedance
angle on VSC working in either rectifier or inverter modes
regarding the power transfer limitations.

The active power transmission at PCC can be calculated
using

𝑃 =

𝑉

𝑅
2
𝑔
+ 𝑋
2
𝑔

(−𝐸𝑋𝑔 sin 𝛿 + 𝐸𝑅𝑔 cos 𝛿 − 𝑉𝑅𝑔) . (6)

The power angle curves for different impedance angles
(𝜑) of AC system are shown in Figure 4. It can be found that
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Figure 4: Power angle curves in different impedance angles.

𝜑 has a great influence on power transfer limits. The small-
signal stability ofVSC systemwith different𝜑will be analyzed
in the subsections below.

3.1. Rectifying Operation. With the analysis of state-space
matrix A, it is concluded that the equivalent resistance of AC
system has a negative impact on VSC operating as a rectifier.
The root-locus of predominant poles with 𝜑 changing is
shown in Figure 5(a). It shows that, for VSC operating in
rectifier mode, lower resistance of AC system will enhance
the small-signal stability of VSC system.

3.2. Inverting Operation. Again, with the analysis of state-
spacematrixA, an opposite conclusion can be drawn that, for
VSCworking in invertermode, lower resistance of AC system
will weaken the VSC system stability, as shown in Figure 5(b).

The power transfer limitations of system with different 𝜑
are expressed in Table 5.
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Table 4: The calculated participation factors of test model.

State-variable Participation factor State-variable Participation factor
X
1

0.0277 X7 0.1904
X
2

0.0582 X8 0.1773
X
3

0.0032 X
9

0.0014
X
4

0.0087 X
10

0.0037
X
5

0.0098 X11 0.3639
X
6

0.0040 X12 0.1517
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Figure 5: Root-locus of predominant poles with 𝜑 change.

Table 5: Calculation result of power transfer limitations with
different 𝜑.

𝜑 Max 𝑃 (rectifier) Max 𝑃 (inverter)
80∘ 1.284 1.533
81∘ 1.302 1.524
82∘ 1.323 1.521
83∘ 1.358 1.518
84∘ 1.383 1.510
85∘ 1.400 1.505

It can be concluded that lower resistance will enlarge
the stable margin of VSC working at rectifier mode and will
reduce the stable margin for inverter mode.

4. Improved PLL Control for VSC Connected
to Weak AC System

In Section 3, a conclusion can be drawn that the damping
characteristic of AC network (impedance angle) has a great
influence on the system stability. With the analysis of partic-
ipation factor, it is acknowledged that PLL control also has a
great impact on the stability of VSC connected to weak AC
system.Therefore, an improved PLL control suitable for VSC
connected to weak AC system is proposed as follows, which
is the main contribution of this paper.

Considering that the active power is proportional to the
direct-axis current, a supplementary damping control with
state-variable 𝑖2𝑑 is added in PLL control system (𝐷 is the
damping factor). And the new PLL equations are shown in
(7), in which “+” is for rectifying operation and “−” is for
inverting operation. Figure 6 shows the improvedPLL control
diagram:

𝜔 = 𝜔0 + 𝑘pllV𝑞 + 𝑐𝑘pll ∫ V𝑞𝑑𝑡,

𝜃 = ∫ [𝜔 ± 𝐷 (𝑖2𝑑ref − 𝑖2𝑑)] 𝑑𝑡.

(7)

The small-signal model is changed and the state-variable
matrix A with the improved PLL is shown in the Appendix.
Figure 7 shows the root-locus of predominant poles of the
modified A.

From Figure 7, it can be seen that, with the rising of
damping factor𝐷 in a certain range, the small-signal stability
of VSC system is enhanced. After a critical value, the stability
is reduced with the rising of𝐷. The root-locus of VSC system
with 𝑃 rising in different damping factors has also verified
the effectiveness of the improved PLL controller. Figure 7(c)
shows that, with a proper damping factor, the relationship
between PLL and dominant poles is weak. It also means
that the most effective parts are changing from PLL to the
outer-loop controller, which is the purpose of the improved
PLL control strategy. There should be an optimal value for
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Figure 7: Root-locus and participation factor of system with advanced PLL control.

the damping factor 𝐷. When impedance angle of AC system
is 85∘, the optimal value of 𝐷 is approximately 1100 for
rectifying operation and 300 for inverting operation.

5. Case Studies

5.1. Validation of the Small-Signal Model. Table 6 shows the
base values of the system parameters of benchmark test
model. The accuracy of the small-signal model including

the oscillation frequency and damping ratio will be verified
in this section.

Figure 8 shows the simulation results of the system in
which the impedance angle is 85∘. The active power, PCC
voltage, and 𝐷- and 𝑄-axis current are shown in Figures
8(a)∼8(d) respectively, with the active power being changing
from 360MW to 370MW.

It can be seen fromFigure 8 that themaximumerror value
between EMTmodel and small-signal model of active power
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Figure 8: Simulation results of VSC system (impedance angle is 85∘).

Table 6: Parameters of test model.

Parameters Value
Dc voltage ±200 kV
Rated active power 300MW
Equivalent AC source voltage 230 kV
PCC voltage 230 kV
Transformer 230 kV/204.12 kV

is 0.8%. The maximum value of PCC voltage is 0.15%. The
maximum error value of 𝐷-axis current and 𝑄-axis current
both is 0.27%. Therefore, the correctness of the VSC system
small-signal model is satisfactorily validated.

5.2. Validations of Impacts of Impedance Angle on Power Tran-
sfer Limits. The theory on the impact caused by impedance

angle on stability of VSC connected toweakAC systemwhich
is proposed in Section 3 is verified in this section.

5.2.1. Rectifying Operation. Figure 9 shows the maximum
power transmission of system with different impedance
angles.

It can be seen from the figure that the maximum active
power is 385MW when 𝜑 equals 80∘. Meanwhile, the maxi-
mum active power is 420MWwhen 𝜑 equals 85∘. Simulation
results show that, with the rising of impedance angle, the VSC
system operating in rectifier mode gets larger small-signal
stable margin.

5.2.2. Inverting Operation. Figure 10 shows the maximum
power transmission of system with different impedance
angles.

However, the simulation results shown in Figure 10 are
opposite with the system working in rectifying operation.
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Figure 9: Maximum power transmission with different impedance angles (rectifying operation).
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Figure 10: Maximum power transmission with different impedance angles (inverting operation).

The maximum active power is 460MW when 𝜑 equals 80∘,
and this value decreased to 450MWwhen 𝜑 equals 85∘. With
the rising of impedance angle, the VSC system operating
in inverter mode is getting smaller stable margin and even
becoming unstable.

Table 7 shows the power transfer limitations with differ-
ent impedance angles.

The conclusion drawn from Section 3 is validated by
Table 7. Meanwhile, it can be seen that the system operating

at rectifier mode is more severe than inverter mode, which
means that the stable margin for VSC working in rectifier
mode is narrower than that of inverter mode.

5.3. Validations of the Proposed PLL Control. Figure 11 shows
the simulation results of maximum power transmission with
the proposed improved PLL control.

It can be obtained that, with the proposed PLL control
strategy, the limits of power transmission are improved.
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Figure 11: The simulation results of system with proposed PLL control.
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Figure 12: The relationship between𝐷 and limits of power transmission.

The test model adopts 85∘ as the AC system impedance
angle. Compared with 420MW, the maximum active power
at rectifier is enhanced to 460MW. Meanwhile, the limits of
power transmission at inverter are enhanced from450MWto
480MW. The optimal value of damping factor 𝐷 calculated
at rectifying operation is 1100 and is 300 at inverting oper-
ation. Figure 12 shows the relationship between VSC power
transfer limitations and damping factors in the proposed PLL
control.

It can be seen from Figure 12 that the optimal values of
damping factors are approximately equal to the calculated
results (1100 and 300, resp.). Figure 13 shows the simulation
results of the relationship between system impedance angles

and power transfer limitations with𝐷 being equal to zero and
the optimal values (i.e., 1100 and 300, resp.).

Note that the power transfer limitation increments are
shown in Figure 13 using arrows.The validity of the advanced
PLL control strategy and the previous impedance angle
analysis results are simultaneously validated in Figure 13.

6. Conclusions

In this paper, based on small-signal analysis and state-
space matrix, the power transfer limitations of VSC linked
with weak AC system are analyzed. Besides, the dynamic
model with vector-current control is developed to evaluate
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Table 7: Limits of power transmission with different 𝜑.

𝜑
Max 𝑃 Max 𝑃

(rectifying operation) (inverting operation)
80∘ 385MW (1.283 pu) 460MW (1.533 pu)
81∘ 390MW (1.300 pu) 458MW (1.527 pu)
82∘ 397MW (1.323 pu) 456MW (1.520 pu)
83∘ 408MW (1.360 pu) 455MW (1.517 pu)
84∘ 415MW (1.383 pu) 452MW (1.507 pu)
85∘ 420MW (1.400 pu) 450MW (1.500 pu)

the improved PLL control. The following conclusions are
drawn:

(i) With the rising of active power at PCC, the stability
of VSC system is getting worse and even unstable.
The stable margin of VSC for rectifying operation is
narrower than inverting situation. With the analysis
of participation factor, the most sensitive parts to
the stability margin are outer-loop control and PLL
control.

(ii) The impedance angle of AC system has a great impact
on the stable margin of VSC. For rectifying operation,
with high impedance angle, the stability of system

is enhanced; and this is not the case for inverting
operation. The damping characteristic of AC system
can change the stable margin of VSC as well.

(iii) The proposed PLL control appends the damping
factor 𝐷 into the existing PLL diagram to change
the damping characteristic of VSC system. With
the calculated optimal damping factors, the stable
margins forVSCworking in either rectifier or inverter
modes are significantly enhanced.
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(A.1)

The mathematical step in the derivation of the state-
variable equations is given in this section:

𝑃 =

3

2

(V𝑑𝑖2𝑑 + V𝑑𝑖2𝑞) ,

𝑉 = √
3

2

√V2
𝑑
+ V2
𝑞
.

(A.2)

The small-signal model is shown in (A.3). In particular,
the quadrature component of the PCC voltage at operating
point is 0 (V𝑞0 = 0):

Δ𝑃 =

3

2

(ΔV𝑑𝑖2𝑑0 + V𝑑0Δ𝑖2𝑑 + ΔV𝑞𝑖2𝑞0) ,

Δ𝑉 =

3

2

V𝑑0
𝑉0

ΔV𝑑.
(A.3)
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Figure 13: The power transfer limitations with the advanced PLL control.

The relationship between 𝑒𝑑, 𝑒𝑞, and 𝜃 is shown in (A.4),
in which𝜔0𝑡+𝑎0 is the real time angle of equivalent ac voltage
source

𝑒𝑑 = 𝐸𝑚cos [𝜃 − (𝜔0𝑡 + 𝛼0)] ,

𝑒𝑞 = −𝐸𝑚sin [𝜃 − (𝜔0𝑡 + 𝛼0)] .
(A.4)

The small-signal model is shown in (A.5). 𝛿 is mentioned
in nomenclature

Δ𝑒𝑑 = −𝐸𝑚 sin 𝛿0Δ𝜃,

Δ𝑒𝑞 = −𝐸𝑚 cos 𝛿0Δ𝜃.
(A.5)

The small-signal model of (1)∼(4) is shown below

[

− (𝐸𝑚 sin 𝛿0) Δ𝛿
− (𝐸𝑚 cos 𝛿0) Δ𝛿

] − [

ΔV𝑑
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]
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]
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𝑘𝑝1 (Δ𝑖2𝑑ref − Δ𝑖2𝑑) + 𝑘𝑖1 ∫ (Δ𝑖2𝑑ref − Δ𝑖2𝑑) 𝑑𝑡

= 𝐿𝑐

𝑑Δ𝑖2𝑑

𝑑𝑡

+ 𝑅𝑐Δ𝑖2𝑑,

𝑘𝑝2 (Δ𝑖2𝑞ref − Δ𝑖2𝑞) + 𝑘𝑖2 ∫ (Δ𝑖2𝑞ref − Δ𝑖2𝑞) 𝑑𝑡

= 𝐿𝑐

𝑑Δ𝑖2𝑞

𝑑𝑡

+ 𝑅𝑐Δ𝑖2𝑞,

Δ𝜔 = 𝑘pllΔV𝑞 + 𝑐𝑘pll ∫ΔV𝑞𝑑𝑡,

Δ𝛿 = ∫Δ𝜔𝑑𝑡.

(A.6)

The state-variables Δ𝑥1, Δ𝑥2, Δ𝑥3, Δ𝑥4, and Δ𝑥5 are
assumed below:

Δ𝑥1 = ∫Δ𝑃𝑑𝑡,

Δ𝑥2 = ∫ΔV𝑑𝑑𝑡,

Δ𝑥3 = ∫ (Δ𝑖2𝑑ref − Δ𝑖2𝑑) 𝑑𝑡,

Δ𝑥4 = ∫ (Δ𝑖2𝑞ref − Δ𝑖2𝑞) 𝑑𝑡,

Δ𝑥5 = ∫ΔV𝑞𝑑𝑡.

(A.7)
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With the improved PLL control, matrix A is changed.
The modified elements are shown below. “+” is for rectifying
operation and “−” is for inverting operation:

A11,3 = ±𝐷(

3

2

𝑘ppV𝑑0 + 1) ,

A11,5 = ±
3

2

𝐷𝑘pp𝑖2𝑑0,

A11,6 = (±
3

2

𝐷𝑘pp𝑖2𝑞0 + 𝑘pll) ,

A11,7 = ±𝐷𝑘ip.

(A.8)

The participation factormentioned in Section 2 is defined
as the relativity between the 𝑘th state-variable and the
eigenvalue 𝜆𝑖. The calculation method is shown in

𝑝𝑘𝑖 =











V𝑘𝑖𝑢𝑘𝑖
k𝑇
𝑖
u𝑖











, (A.9)

in which u and k are the left eigenvector and right eigenvector
separately. V𝑘𝑖 and 𝑢𝑘𝑖 are the corresponding elements in
eigenvectors.

Nomenclature

𝑒𝑎𝑏𝑐: Thévenin equivalent voltage of AC system
V𝑎𝑏𝑐: PCC voltage
V𝑐𝑎𝑏𝑐: Converter voltage
𝑖1𝑎𝑏𝑐: Phase current at the system side
𝑖2𝑎𝑏𝑐: Phase current at the converter side
𝑖𝑐𝑎𝑏𝑐: Phase current in shunt capacitor
𝑃,𝑉: PCC active power and voltage
𝑃ref , 𝑉ref : The reference value of PCC active power

and voltage
𝑒𝑑, 𝑒𝑞: 𝑑 and 𝑞 components of AC source voltage
V𝑑, V𝑞: 𝑑 and 𝑞 components of PCC voltage
V𝑐𝑑, V𝑐𝑞: 𝑑 and 𝑞 components of converter voltage
𝑖1𝑑, 𝑖1𝑞: 𝑑 and 𝑞 components of system current
𝑖2𝑑, 𝑖2𝑞: 𝑑 and 𝑞 components of converter current
𝑖𝑐𝑑, 𝑖𝑐𝑞: 𝑑 and 𝑞 components of capacitor current
𝑅𝑔, 𝐿𝑔: Equivalent resistance and inductance of ac

system
𝑅𝑐, 𝐿𝑐: Resistance and inductance of converter
𝐶𝑓: Shunt capacitance
𝑖2𝑑ref : 𝑑 component of converter current

reference
𝑖2𝑞ref : 𝑞 component of converter current

reference
𝜔: Frequency of PCC voltage
𝜃: PLL output angle
𝛿: The angle PCC voltage V leading

equivalent source voltage E
𝜑: Impedance angle of AC system
𝐷: Damping factor in the improved PLL

control
𝑈dc: DC voltage

𝑘pp, 𝑘ip: Power loop proportional and integrator gains
𝑘pv, 𝑘iv: Voltage loop proportional and integrator

gains
𝑘𝑝1, 𝑘𝑖1: Inner-loop control (𝐷-axis current)

proportional and integrator gains
𝑘𝑝2, 𝑘𝑖2: Inner-loop control (𝑄-axis current)

proportional and integrator gains
𝑘pll, 𝑐𝑘pll: Proportional and integrator gains of PLL
𝑝𝑘𝑖: Participation factor
𝐸𝑚: Maximum instantaneous value of source

voltage.
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