
Received November 10, 2021, accepted December 1, 2021, date of publication December 3, 2021,
date of current version December 16, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3132659

A Low Voltage Single Phase Online
Uninterruptible Power Supply System
Based on APFC and Fuzzy PID Algorithm
SHENGXIAN XU1, CHEN LI 2, (Member, IEEE), YURU WANG1,
AND BAOYING LI1, (Member, IEEE)
1School of Information Science and Engineering, Dalian Polytechnic University, Dalian 116034, China
2School of Electrical Engineering and Telecommunications, University of New South Wales (UNSW Sydney), Sydney, NSW 2052, Australia

Corresponding author: Yuru Wang (wangyr@dlpu.edu.cn)

ABSTRACT TheUninterruptible Power Supply (UPS) is a kind of power supply with electric energy storage,
but most UPS systems bring harmonic pollution to the grid, and the power factor is inaccurate in the boost
circuit, the output voltage is unstable. Therefore, an active power factor correction circuit (APFC) based on
the current and voltage double closed-loop structure is designed in the boost circuit; besides, the fuzzy PID
control algorithm is also proposed in the inverter circuit. The effectiveness of the proposed method can be
verified by the computer simulation and real experiments, and there are four main results as follows. Firstly,
the actual power factor of the UPS system can reach more than 0.996 with APFC correction circuit; then,
the UPS system has the strong robustness and the shorter response time; in addition, the voltage regulation
rate of the system remains at 0.083% and the load regulation rate is around 0.056%. Finally, the designed
UPS system can provide the stable 36V ± 0.2V (50 ± 0.2Hz) AC power.

INDEX TERMS Low voltage, single phase, online UPS system, active power factor correction, fuzzy PID
algorithm.

I. INTRODUCTION
The Uninterruptible Power Supply (UPS) system is a kind
of energy storage device in emergency situation and sudden
disconnection. It is mainly used to provide power stability in
emergency management [1] and disaster relief [2]. In UPS
system, it can convert DC power into AC power through the
boost circuit and the inverter circuit [3]. The storage battery
comprises several batteries in series. When the power supply
works normally, the power is stored in the battery of UPS
system. If the power supply cannot be supplied, the stored
power immediately converted and supplied to the users [4].
The inverter generates theACpower by convertingDCpower.
The isolation transformer can be used to isolate the inter-
ference of the grid, and its primary and secondary sides are
completely insulated to prevent the input voltage drop, filter
out the harmonic at the load-end, and improve the power
supply quality [5]–[9].

However, there are some following problems in UPS sys-
tem. The first is how to improve the power factor and reduce
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the harmonic pollution in the boost circuit. The second one is
how to eliminate the output response instability and delay in
UPS system [10]–[12].

Many scholars put forward a variety approaches to solve
the first problem. Most UPS systems have no efficient solu-
tion to the use of electric energy in the boost circuit, the
output of UPS system also has large voltage fluctuations, and
the response to load change is slow. The UPS system cannot
make the output voltage constant when the load changes
suddenly. Reference [13] proposed the push-pull topology
and double closed-loop control law in the DC-DC converter
and it also designed the APFC correction circuit. The APFC
correction with fixed turn-on time was designed using the
average current mode control technology, and it kept the
input current waveform synchronized with the voltage wave-
form and make the output DC voltage waveform smoother,
and the power factor is about 0.96 [14]. Reference [15]
mainly studied how to suppress the harmonic current and
improve the power factor by adopting the voltage and current
double closed-loop controller. Reference [16] described that
the voltage and current double closed-loop control strategy
were used in the APFC correction in the boost circuit, but
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the power factor reached around 0.98 and the Total Har-
monic Distortion (THD) remained a higher level between
2.02% and 3.74%. In addition, the improved constant on-
time (COT) control algorithm was proposed to improve the
power factor [17]. References [18], [19] presented a simpli-
fied sinusoidal UPS system with a high-power factor, low
total harmonic distortion and good dynamic response. Refer-
ence [20] designed an efficient power factor correction recti-
fier. Reference [21] proposed the variable duty cycle control
method of four-channel interleaved power factor correction
converter in the boost circuit, so that the system had the fast
transient response, realized unity power factor, and had fast
input and load transient response. References [13], [22] pro-
posed a three-phase buck rectifier to improve the power factor
of the system, the power utilization efficiency and system reli-
ability, and reduce the DC link voltage of the grid. However,
Ref. [22] used the active power control strategy by adjusting
virtual resistance to solve DC over-voltage and uneven power
distribution. Reference [23] proposed the online UPS system
to adopt dual-mode operation, and it also used to improve the
power factor of the inverter system. Reference [24] proposed
an online UPS based on Z-source, and designed a broader
range of input changes with the compensation of power
fluctuation to improve the input power factor. In addition,
Ref. [37] proposed a low-cost online UPS system to modify
the sine wave and it was suitable for a load of switching power
supply without power factor correction circuit.

Moreover, it is the objective to solve the problem
of unstable output response and delay of UPS system,
Ref. [6], [30]–[41] adopted a variety of control strategies in
the inverter circuit. As for the online UPS system, Ref. [6]
proposed a fast current control algorithm to suppress the
surge current generated when the load was turned on or off.
References [28], [29] used the traditional PID algorithm to
output stable voltage. References [30]–[36] studied a variety
of control algorithms to improve the robustness and adaptive
ability of the system and effectively track voltage and current.
However, the proposed control strategies in Ref. [30]–[36]
such as synovial control, robust continuous control, model
predictive control and neural network control were complex
and difficult to transplant, with great limitations in scope of
application and long development cycle, and it was difficult
to develop the practical UPS productions. Reference [30]
applied the synovial control theory with the problem of
switching delay in practical application. Reference [31] pro-
posed the robust continuous control and the model predic-
tive control to track the output voltage of the inverter, but
there was one problem in low utilization efficiency of the
power supply. Reference [32] put forward control strategies
such as PID control, repetitive control, deadbeat control and
intelligent control. Reference [33] proposed the combination
of PID and neural network in the power control system to
improve its adaptive ability. Reference [34], [35] proposed
SPWM technology to adjust the output of inverter, and they
also proposed the fuzzy PID control algorithm to remain the
amplitude of inverter output voltage. Reference [36] proposed

PID algorithm to track the output voltage in the inverter cir-
cuit. References [12], [25]–[27] effectively tracked the output
voltage in the inverter by using SPWM technology and the
fuzzy PID algorithm. Reference [38] designed a single-phase
online UPS system with low load regulation, and it proposed
the closed-loop PID algorithm with DC voltage and AC
voltage. In addition, compared with Synchronous Reference
Frame (SRF), the fuzzy PID controller had a simple prin-
ciple, robust adaptability and portability, certain robustness
to load changes and robust fault tolerance [39], [40]. Ref-
erence [39] proposed a novel online maximum duty cycle
tracking technology to reduce the cycle loss and switching
loss of the converter and improve the efficiency of the server.
In order to obtain the same holding time, it was also necessary
to increase the DC link capacitance to increase the circuit
volume and the mass. Reference [40] used a phase-locked
loop structure (PLL) based on the current SRF algorithm to
generate reference output voltage and unit vector coordinates.
The single-phase PLL system was studied as a two-phase
stationary coordinate system, and the control algorithms for
generating orthogonal voltage were also proposed. Three of
them used instantaneous peak detectors to generate quadra-
ture voltages. Compared with the online topology with two
cascaded PWM power converters operating at full power rat-
ing, the rating was processed by series and parallel converters
in standby mode. However, the algorithm in Ref. [40] was
complex so that it could not be widely used in practical use.
Moreover, the current based the SRF algorithm is affected
by the PLL structure, which consisted of the phase detector,
the filter and the voltage-controlled oscillator and made the
whole system more complex and it was difficult to build
mathematical and simulation models. Reference [41] adopted
the multi-loop control structure of the proportional controller
with coordinate transformation and it also used two nested
proportional controllers in the synchronous coordinate sys-
tem. Reference [42] proposed a new uni-polar boost inverter
topology, and it also used the direct zero vector of the inverter
bridge, coupled inductor energy storage and transfer boost
technology to realize the boost regulation of the inverter DC
bus voltage and make the AC output voltage higher than the
DC input voltage.

There are two proposed contributions in this paper:

1) In the boost circuit, we propose a voltage-current dou-
ble closed-loop active power factor correction APFC)
method, which can effectively improve the power fac-
tor and reduce the harmonic pollution in the power grid;

2) In the inverter circuit, we propose the fuzzy PID control
algorithm with a higher response, which improves the
response speed and ensures the stability of the output
voltage.

The remainder of the paper is organized as follows.
Section II presents the system model and formally states
the considered problems. Section III presents the proposed
algorithm with theoretical analysis, and Section IV demon-
strates the performance of this algorithm via simulations
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FIGURE 1. The physical overall model of the UPS system.

FIGURE 2. The model of uncontrollable rectifier circuit.

and the real experiment, including the power factor and out-
put dynamic response characteristics of online single-phase
UPS (the influence of voltage amplitude, frequency, response
time, input voltage change and output load change). Finally,
Section V briefly concludes this paper.

II. SYSTEM MODEL AND PROBLEM STATEMENT
A. THE OVERALL PHYSICAL MODEL OF THE UPS SYSTEM
The single-phase on-line UPS mainly includes the rectifier
circuit, the boost circuit, the inverter circuit, the LC filter
circuit and the backup battery circuit, and its physical overall
model is shown in Fig. 1, in which, the self-coupling transfer
reduces the 220VAC from the urban power supply network to
18V AC. The isolation transformer can isolate 18V AC from
the rectifier circuit, the boost circuit, the inverter circuit and
the users. The rectifier circuit rectifies and filters the alternat-
ing current in full wave and outputs about 25.443V DC. The
boost circuit boosts 25.443V DC to 63V DC. The inverter
circuit adopts a full bridge circuit and it outputs stable 36V
AC through LC filter circuit. The MOSFET in the full bridge
circuit is driven by IRF3205 and IR2104 chips. IRF3205
has small parasitic capacitance and can reduce switching
loss, and its drain-to-source on-resistance is 0.008, and the
switching frequency can reach 100kHz, which can quickly
change the switching state. Moreover, the gate driving volt-
age of MOSFET is driven by IR2104 with bootstrap circuit.
In addition, when the power supply disconnects, the backup
battery immediately supplies power to the booster circuit, the
inverter circuit as well as users.

B. THE RECTIFIER CIRCUIT
In this subsection, the uncontrollable rectifier circuit is shown
in Fig. 2, in which, AC power generates the input voltage, U1
denotes the output voltage of self-coupling transfer. D1, D2,
D3, andD4 are the rectifier diodes, and these diodes compose
the full-bridge rectifier circuit. U2 is rectified to Ud , and Ur
denotes the output voltage.

FIGURE 3. The model of the boost circuit.

FIGURE 4. The relationship between inductance, voltage and time.

C. THE BOOST CIRCUIT
In this subsection, the boost circuit is an important part of
UPS to provide stable DC voltage for the inverter, and the
model of the boost circuit is shown in Fig. 3, in which, let
L, VT, VD, C and RL denote the inductance, the MOSFET,
the freewheeling diode, and the filter capacitor, and the load
resistance, respectively. Ur denotes the rectified voltage. iL
and iC are the current through L1 and C2. Let Uo denote the
output voltage of the boost circuit.

We assume that D and D′ = 1 − D denote the duty cycle,
and Ts is cycling time. When VT is on, 0 ≤ t ≤ DTs(D < 1),
as shown in (1). When VT is off, DTs ≤ t ≤ Ts(D < 1),
as shown in (2). Fig. 4 shows the relationship between the
inductance, the voltage and the time. Fig. 5 shows the rela-
tionship between the capacitance, the current and the time.

VL = L
diL(t)
dt
= Ur

iC = C
dUo(t)
dt

= −
Uo(t)
RL

(1)


L
diL(t)
dt
= Ur (t)− Uo(t)

C
dUo(t)
dt

= iL(t)−
Uo(t)
RL

(2)

From Fig. 4 and Fig. 5, from 0 to Ts, the relationship
between VL , iC and Ts is shown in (3).

∫ TS

0
VL (t)d(t) = UrDTS + (Ur − Uo)D′TS∫ TS

0
iC (t)d(t) = −

Uo
RL

DTS +
(
iL −

Uo
RL

)
D′TS

(3)
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FIGURE 5. The relationship between capacitance, current and time.

In order to obtain the relationship between Uo, Ur , and iL
in (4) with the constrain that (3) is equal to zero.

Uo
Ur
=

1
D′

iL =
Ur

D′2RL

(4)

Assume that τ denotes the time constant. The segmented
equation of VL and iC can be expressed by (5).

VL =
1
Ts

[∫ D

0
VL(τ )d(τ )+

∫ Ts

0
VL(τ )d(τ )

]
iC =

1
Ts

[∫ D

0
iC (τ )d(τ )+

∫ Ts

0
iC (τ )d(τ )

] (5)

VL and iC are substituted into (5), which can be obtained
(6) by using the average variable instead of instantaneous
variable. 

L
diL(t)
dt
= Ur − D′Uo

C
dUo(t)
dt

= D′iL −
Uo
RL

(6)

Then, (6) can be linearized, and set (Ūr (t), īC (t), Ūo(t))
as the static working point of boost, which consists of the
DC component (Ur , iC ,Uo) and the AC small signal com-
ponent (Ũr (t), ĩC (t), Ũo(t)), these mathematical descriptions
are shown in (7).

Ūr (t) = Ur + Ũr (t)

īC (t) = iC + ĩC (t)

Ūo(t) = Uo + Ũo(t)

(7)

Next, d(t) = D + d̃(t) is one of the part in the AC
component d̃(t). Substituting (7) into (6), it obtains

L
dĩL(t)
dt
= Ũr (t)− D′Ũo(t)+ Uod̃(t)+ Ũo(t)d̃(t)

C
dŨo(t)
dt

= D′ ĩC (t)−
Ũo(t)
RL
− iC d̃(t)− Ũo(t)d̃(t)

(8)

FIGURE 6. The small signal equivalent circuit of the boost circuit.

In addition, (8) can be linearized and removed the second
order differential term, it obtains

L
dĩL(t)
dt
= Ũr (t)− D′Ũo(t)+ Uod̃(t)

C
dŨo(t)
dt

= D′ ĩC (t)−
Ũo(t)
RL
− iC d̃(t)

(9)

Then, the equivalent circuit of boost circuit is established
by (9), and it is shown in Fig. 6.

In Fig. 6, the transfer function Goi can be obtained the
mathematical relationship between Ur and Uo. (11), (12) and
(13) represent the transfer function between Uo and the duty
cycle, the transfer function between iL and the duty cycle, the
transfer function between iL and Ur , respectively.

Goi =
Ũo(s)

Ũi(s)
=

D′

LCs2 + L
RL
s+ D′2

(10)

God =
Ũo(s)

d̂(s)
=

Ur −
UrL
D′2RL

s

LCs2 + L
RL
s+ D′2

(11)

Gid (s) =
ĩL(s)

d̃(s)
=

UoCs+
2Uo
R

LCs2 + L
RL
s+ D′2

(12)

Gir (s) =
ĩL(s)

Ũr (s)
=

Cs+ 1
R

LCs2 + L
RL
s+ D′2

(13)

D. THE INVERTER CIRCUIT
This subsection mainly introduces the inverter circuit, and
the physical model is shown in Fig. 7, in which, let Uo,
Un, C, U denote the output voltage of the boost circuit, the
output voltage of the inverter circuit, the capacitor, the load
voltage, respectively. Moreover, L1 and L2 are the full-bridge
rectifier diodes, rs1 and rs2 are the equivalent resistance of
the inductance. In addition, the output load can be divided
into the fixed load and the distributed one. The fixed load can
be regarded as an ideal resistive one, ignoring the inductance
and the resistance rs. Let iC and U be the input (x = [U , ic]T

and ẋ =
[
U̇
i̇C

]
) and y be the output. The state equation can

be established in (14).


ẋ =

 0
1
C

−
rs
LR
−

1
L
−

1
RC
−
rs
L

 x +


0

1
L

 u
y =

[
1 0

]
x

(14)
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FIGURE 7. The model of the inverter circuit.

Then, the output voltageU in (15) can be obtained by (14).

U =
1

LCs2 +
(
RC + L

rs

)
s+

(
1+ rs

R

)Un (15)

However, when the load has disturbance, the current iflow-
ing through the load can be regarded as disturbance variable,
the capacitor voltage U and capacitor current ic are regarded
as state variables,Un is the input variables, and y is the output
variables. The state space can be established from Fig. 7, and
(17) can be obtained by (16) through S-transforming.


ẋ =

 0
1
C

−
1
L
−
r
L

 x +


0

1
L

Un +
− 1

C
0

 i
y =

[
1 0

]
x

(16)

U =
1

LCs2 + RCs+ 1
Un +

−Ls− rs
LCs2 + rsCs+ 1

iC (17)

E. PROBLEM STATEMENT
The power factor of UPS is not high in boost circuit; in
addition, the output response of the inverter is slow, and
the waveform of the output AC is not smooth and delayed,
resulting in a great impact on the output of the inverter by
the load.

III. THE DESIGNED CIRCUIT AND PROPOSED
ALGORITHM
A. THE ACTIVE POWER FACTOR CORRECTION CIRCUIT
In UPS system, many researchers do not consider the power
loss in the DC-DC converter [30]–[35], and the relevant
control strategies are complex [20]–[24]. The energy storage
inductor is in the boost circuit, resulting in a phase difference
between the input current and the input voltage, the decrease
of the power factor, and the loss of conversion power. There-
fore, the active power factor correction (APFC) circuit is
proposed, adopting the double closed-loop control system
with the inner-loop (current) and the outer-loop (voltage),
to adjust the duty cycle of VT and to improve the system’s
efficiency. In addition, the designed APFC circuit is shown
in Fig. 8. The inner-loop, the outer-loop, and the simulation
model are shown in Fig. 9, 10 and 11, respectively.

FIGURE 8. The designed active power factor correction circuit.

FIGURE 9. The model of the inner-loop (current).

FIGURE 10. The model of the outer-loop (voltage).

The open-loop transfer function of the inner-loop (current)
is in (18). 

8i(s) = Gi−PI (s) · Gm(s) · Gid (s)

Gi−PI (s) = kpi +
kii
s

Gm(s) =
1
Um

Gid (s) =
UoCs+

2Uo
R

LCs2 + L
RL
s+ D′2

(18)

where Gi−PI (s) is the transfer function of current loop mod-
ulator, Gm(s) is the transfer function of PWM modulator,
Gid (s) is the transfer function of inductance current to duty
cycle, and Um is the trigonometric amplitude value.
In Fig. 10, the open-loop transfer function of the voltage

loop can be expressed in (19), in which,Gv−PI (s) denotes the
transfer function of the voltage regulator, Gvi(s) denotes the
transfer function of output voltage to inductance current.

8v(s) = Gv−PI (s) ·
8i(s)

1+8i(s)
· Gvi(s)

Ur
Urm

Gv−PI (s) = kpv +
kiv
s

Gvi(s) =
Goi(s)
Gir (s)

=
Ur

2CUos

(19)

B. THE FUZZY PID PARAMETER SELF-TUNING
ALGORITHM
This subsection mainly introduces the fuzzy PID parameter
self-turning algorithm. Some control strategies have been
proposed, such as the synovial control, the robust contin-
uous control, the model predictive control, and the neural
network [30]–[36], but these control approaches are complex.
Moreover, Ref. [42] proposed a new uni-polar boost inverter
topology; in the designed inverter, it used the direct zero
vector to realize the boost regulation of DC bus voltage and
made the output AC voltage higher than the input DC voltage.
There is one problem that the power factor of the DC chain
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FIGURE 11. The simulation of APFC correction in the boost circuit.

FIGURE 12. The model of the fuzzy PID controller.

and the utilization rate of the UPS system could be reduced
because the uncontrollable rectifier supplies the DC power
to the DC chain, and this power is supplied to the bridge
of the inverter by coulping inductance. Therefore, the fuzzy
PID algorithm is proposed to solve the following problem by
adjusting the duty cycle of PWM in MOSFET to output the
stable voltage.

The PID parameter self-tuning can continuously track the
output voltage by comparing the fuzzy relationship among
proportion kp, integration ki, differential kd , error e and error
change rate ec in the fuzzy PID control algorithm. The cur-
rent PID can be modified in real time by fuzzy rule table
reasoning. In addition, the model of the designed fuzzy PID
controller is shown in Fig. 12, in which, the output voltage
from AC power to the load can be controlled by the proposed
algorithm to output the constant AC voltage in UPS system.

TABLE 1. The fuzzy PID control rule with kp.

The fuzzy reasoning adaptive PID controller is designed,
in which, Us is the settling voltage of the inverter; U is the
actual output voltage; the error e and the error change rate
ec are the inputs; 1kp, 1ki, and 1kd are the outputs. The
tables of the control rule in the fuzzy PID controller are shown
in Table 1, Table 2 and Table 3, in which, NM, NS, ZO, PS,
PM and PB are seven fuzzy levels, which shows negative big,
negative middle, negative small, zero, positive small, positive
middle, and positive big, respectively.

When the PID controller obtains the current output voltage
in the inverter, the voltage error e can be obtained by sub-
tracting the reference voltage, then it can be discretized and
divided into several different levels by the fuzzy PID rules.

Firstly, kp mainly affects the response speed of the system.
If kp is larger, the response speed is faster, but, a larger
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TABLE 2. The fuzzy PID control rule with ki .

TABLE 3. The fuzzy PID control rule with kd .

kp causes overshoot and oscillation of the system. If kp is
too small, the response speed will slow down, and the sys-
tem’s adjustment time will be prolonged, resulting in the
deterioration of the static and dynamic characteristics of the
system.

In addition, ki mainly eliminates the steady-state error of
the system. If ki is too large, the static error will be eliminated
quickly and the integral saturation phenomenon will occur at
the initial of the response process, which can cause a larger
response overshoot. If ki is too small, the static error will be
difficult to eliminate completely, which directly affects the
adjustment accuracy of the system.

Then, kd mainly improves the dynamic characteristics of
the system, it can restrain the deviation from changing in
any directions during the response process and it can also
control the deviation in advance. If kd is larger, the response
process of the system will brake ahead of time, resulting in
prolonging system’s adjustment time and reducing system’s
anti-interference ability.

Moreover, if error e is smaller, the system will choose the
larger kp, ki and kd . At the same time, the anti-interference
performance of the system needs to be considered to avoid
the oscillation phenomenon. If e is larger, the fuzzy PID
controller selects a larger kp, a smaller ki and kd in the
system’s initial period to improve the system’s response,
to avoid excessive overshoot, and to prevent system’s integral
saturation.

Finally, if the error change rate ec is smaller, the system
will choose a larger kd . Otherwise, it a smaller kd will be
chosen.
Remark 1: The fuzzy PID controller is proposed in this

paper. According to the dynamic tracking of the input signal,
the designed fuzzy PID controller uses fuzzy control rules
and self-reasoning algorithm to adjust the PID parameters in
real-time, so that the system has a strong adaptability.

TABLE 4. The designed parameters in the boost circuit.

TABLE 5. The designed parameters in the inverter circuit.

C. THE OUTPUT INTERFERENCE SOLUTION IN THE
INVERTER
The output filter of the inverter can be considered as a low-
pass filter, it needs to eliminates the unwanted high-frequency
components. The power loss, transmitted by the bandwidth,
should be as low as possible. Therefore, in this subsection,
the LC low-pass filter is adopted on the output of the inverter
instead of the RC filter.

There exists the noise, the high-frequency interference and
the distortion on the inverter’s output. In order to reduce
interference, an isolation transformer is added to eliminate
the loop interference of the system. The SPWM frequency
of the inverter selects at 30 kHz to avoid using a high-
frequency SPWM, it also introduces the high-frequency
switching subharmonic interference, reduces the switching
loss, and improves power utilization efficiency.

IV. EXPERIMENTAL RESULTS AND ANALYSIS
A. EXPERIMENT SET UP
The combination of simulation and actual experiment are
implemented in this subsection to verify the effectiveness
of the proposed APFC correction circuit and the fuzzy PID
control algorithm. The low voltage single phase online UPS
system consists of the rectifier circuit, the boost circuit, the
inverter circuit, and the fuzzy PID controller. The rectifier
circuit comprises a rectifier bridge module, in which, the
input voltage is 18V AC and the output voltage is 25.443V
DC. The boost circuit supplies 25.443V DC to 63V DC. The
inverter circuit inverts 63V DC to 36V AC. The designed
parameters of the boost circuit and the inverter circuit are
shown in Table 4 and Table 5. In addition, the physical
structure of the whole system is shown in Fig. 13.

B. THE BOOST CIRCUIT ANALYSIS
1) THE POWER FACTOR ANALYSIS
The simulation via MATLAB is shown in Fig. 14, in which,
the blue line represents the power factor with APFC correc-
tion, and the red line shows the power factor without APFC
correction. Fig. 14 shows that the power factor fluctuates
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FIGURE 13. The physical model of the whole system.

FIGURE 14. The power factor analysis.

between 0.857 and 0.973, which is extremely unstable, and
the power factor is low. Because of the absence of APFC
correction, the voltage and current phase difference are large
in the boost circuit, making the power factor fluctuate in a
certain range. Then, the power factor greatly improves and
reaches more than 0.996. Therefore, the power factor, the
utilization rate of power, and the power supply quality are
improved, and the power supply of inverter is much more
stable than before, and the high harmonic pollution of the
power grid is also reduced.

2) THE VOLTAGE AND CURRENT ANALYSIS IN THE BOOST
CIRCUIT
It can be seen from Fig. 15 that the analysis of voltage and
current with APFC correction is conducted. The blue line
represents the current waveform. In the first four cycles, the
current changes greatly when the circuit is turned on. With
the increase of the charging capacity of the energy storage
element, the current decreases slowly, and it tends to be stable
after the energy storage element is fully charged. Moreover,
the red line shows the voltage waveform. In order to observe
the waveform characteristics of the simulation experiment,
the amplitude of the input voltage reduces to one-tenth of the
origin. After adding APFC correction, the phase of voltage
and that of current are the same, and their frequency is also
the same so that the power factor is close to 1.

Then, Fig. 16 shows the analysis of voltage and current
without APFC correction. The blue line shows the current
waveform. When the APFC correction circuit is turned on,
the current is substantial at the moment and it reaches more

FIGURE 15. The voltage and current analysis with APFC correction.

FIGURE 16. The voltage and current analysis without APFC correction.

than 40A.At the same time, the capacitor and inductor need to
be charged and the current is tremendous. When the capacitor
and inductor are fully charged, the current tends to be stable.
Moreover, the red line shows the voltage waveform without
APFC correction. In order to observe the waveform charac-
teristics of the simulation experiment, the amplitude of the
input voltage is reduced to one tenth of the original. It can
be seen in Fig. 16 that the phase difference between the peak
and peak of voltage and the peak and peak of current is 4.2◦,
but the phase difference between voltage zero crossing and
current zero crossing is 40.13◦, and the waveform of current
is similar to triangular wave and the peak is very large.

Compared with Fig. 15 and Fig. 16, the waveform phases
of voltage and current are the same, and the current waveform
is smooth, and the peak value is much smaller than that
without APFC correction. According to P = UI (P is the
power, U is the input voltage, and I is the input current),
under the same condition, the boost circuit with APFC saves
more power, greatly reduces the power loss of the circuit, and
reduces the harmonic pollution to the power grid.

In the system, the input voltage is 18V AC (50Hz). After
rectification, the output voltage is 25.443V DC. The fuzzy
PID control algorithm is used to track the output voltage,
which can be stabilized around 63V DC. Even if the power
supply turns off, the DC voltage is also provided by the
backup battery, and the output voltage can still be stable at
63V DC. As shown in Fig. 17, the blue line shows the output
voltage with APFC correction, and the red line shows the out-
put voltage without APFC correction. Moreover, at the initial
time, these two curves are almost synchronous, the waveform
of the voltage is smoother, and the output ripple is small.

Based on the above experimental analysis, it can be
seen that the circuit without APFC correction will produce
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FIGURE 17. The output voltage waveform with and without APFC
correction.

FIGURE 18. The model of the fuzzy PID controller in the inverter circuit.

FIGURE 19. The voltage tracking curve under the fuzzy PID control
algorithm.

high-frequency switching subharmonics due to the high-
frequency on-off of the switch tube, which will pollute the
power supply of the power grid, distort the voltage wave-
form of the public power grid, reduce the power quality,
and threaten the safe and economic operation of various
electrical equipment, including the power grid and capaci-
tors. In addition, the low power factor affects the stability
of the system, increases the loss of line power supply, and
reduces the utilization of equipment. In the boost circuit, the
APFC method of the voltage-current double closed loop is
used to improve the power factor. The input current of the
circuit is entirely continuous and can be modulated in the
whole sinusoidal period of the input voltage so that a high
power factor can be obtained; the current passing through the
inductor is the input current. The peak current of the input
current continuous switching transistor is small, and it has
strong adaptability to the change of input voltage.
Remark 2: The boost circuit with APFC correction has

better performance and higher power factor; in addition,
APFC can save energy, reduce the harmonic pollution of the
power grid, effectively reduce the power loss and improve
power utilization efficiency.

C. THE INVERTER CIRCUIT ANALYSIS
The fuzzy PID control strategy is adopted to adjust the duty
cycle of PWM in real-time, and then stabilize the output
voltage at 36V AC. The inverter circuit is simulated through

FIGURE 20. The output voltage waveform of the inverter under the fuzzy
PID control algorithm.

MATLAB. As shown in Fig. 18, the input voltage is set to
63V DC. The output voltage can be stabilized at 36V AC,
and the load is supplied by a PWM duty cycle controlled by
the fuzzy PID control algorithm. The simulation result can be
shown in Fig. 19 and the transfer function of the inverter is
designed in (20).

Gf =
314370499.3525

s2 + 35531914.647s+ 314401939.5464
(20)

In Fig. 19, the red line shows the output voltage with the
fuzzy PID controller, and it almost completely tracks the
reference voltage in the output frequency, the amplitude, and
the phase. However, the output and input voltage have small
differences and these can be even negligible. It shows that
the output voltage can be adjusted quickly and accurately
by applying the fuzzy PID control algorithm to adapt the
amplitude of output voltage when the load suddenly changes.

It can be seen from Fig. 20, the blue line shows the output
voltage under the fuzzy PID control strategy, and the yel-
low line shows the output voltage under the traditional PID
controller. The output response under the fuzzy PID control
algorithm is rapid with no delay, the amplitude reaches 36V,
and the frequency can reach 50 Hz in one duty cycle. But, the
output response by traditional PID is slower, and it needs at
least two duty cycles to output 36V AC (50 Hz).
Remark 3: The fuzzy PID control strategy in the

inverter can improve the response speed, enhance the
anti-interference ability of inverter, and enhance the robust-
ness of the system. When the load changes, it can optimize
the power quality and make its frequency and amplitude more
stable.
Remark 4: The proposed fuzzy PID control strategy has

the advantages in strong portability and reliability, so it is
not only suitable for the inverter with 63V DC input, but
also suitable for other inverter with high-voltage DC input.
In addition, the proposed control algorithm has strong robust-
ness, it can resist the external interference, and can also
improve the output response speed of the inverter and provide
high-quality AC power for the loads.

D. THE LOAD CHANGE ANALYSIS ON THE UPS SYSTEM
This subsection mainly analyses the load change on the UPS
system. From Table 6, the load adjustment rate is calculated
in (21).When the load current changes from 0.1A to 1.2A, the

VOLUME 9, 2021 162397



S. Xu et al.: Low Voltage Single Phase Online Uninterruptible Power Supply System Based on APFC and Fuzzy PID Algorithm

TABLE 6. The influence of load change on output voltage.

TABLE 7. The influence of input voltage change on output voltage.

TABLE 8. Comparison of power factor and THD in output voltage. (X means the data is not mentioned.)

voltage fluctuation is around 35.99V AC to 36.01V AC, and
the efficiency remains between 83.56% and 87.38%, which
indicates that the output voltage of the UPS system can be
stable at 36V AC when the load changes.

SI =
|Uo(0.1A)−Uo(1.2A)|

36
× 100% = 0.056%. (21)

E. THE INPUT VOLTAGE ANALYSIS ON THE UPS SYSTEM
This subsection mainly analyses the input voltage changed on
the UPS system. According to Table 7, the voltage regulation
rate can be calculated in (22). When the output voltage of the
uncontrollable rectifier bridge fluctuates between 14V DC
and 30V DC (the self-coupling transfer passes through the
isolation transformer, simulates the grid voltage fluctuation,
and then passes the rectifier), the output voltage of the load
maintains between 35.99V AC and 36.01V AC, and the effi-
ciency maintains from 78.90% to 87.00%. It shows that the
system still makes the output stability of the AC power supply
to the load when the input voltage fluctuates and the system
has strong robustness.

SU =
|Uo(30V ) − Uo(14V )|

36
× 100% = 0.083%. (22)

FIGURE 21. The waveform of load voltage and load current.

Fig. 21 shows the waveform of the load voltage and the
load current, in which, the channel 1 (CH1) shows the output
voltage of the load and the channel 2 (CH2) represents the
output current of the load. It can be seen from Fig. 21 that the
load voltage is 36V AC (50 Hz). When the load is resistive,
the voltage and current are in phase.
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F. COMPARISON OF POWER FACTOR AND THD IN
OUTPUT VOLTAGE
In this subsection, the comparison of power factor and THD
in output voltage is analyzed. Let VTHD−F define the THD
of the output voltage in (23), in which, Vh,rms denotes the
effective value of second harmonic component and above of
output voltage, and V1,rms denotes the effective value of the
fundamental component.

VTHD−F =

√∑N
h=2 Vh,rms

2

V1,rms2
(23)

The active power factor correction proposed in this paper
can improve the power factor of the boost part to 0.996, which
is closer to 1 than that in the references list shown in Table 8,
and the THD of output voltage reaches 0.54%. In addition,
compared with the references in Table 8, the proposed control
strategy can improve the working efficiency, eliminate the
harmonic interference to the power grid when UPS works,
reduce the total current and the power loss of the system.
It can stabilize the load voltage, improve the quality of AC
power output by UPS, and provide efficient and reliable AC
power supply for the loads.

V. CONCLUSION
The voltage and current double closed-loop AFPC correction
circuit and the fuzzy PID control algorithm are proposed in
this paper. In the boost circuit of UPS system, the power factor
can reach above 0.996 under APFC correction. This correc-
tion circuit can improve the utilization of electric energy,
greatly reduce the line power loss, and improve the quality
of the power supply. Using the fuzzy PID control algorithm
in the inverter can enhance the robustness of the system,
optimize the AC quality, make its frequency and amplitude
more stable.

However, this paper only studies the control strategy of
single-phase UPS, and lacks the research experiment of
three-phase UPS; the power consumption of the load and
the human-computer interaction are not monitored. In the
future, the single UPS can be further studied to the three-
phase. In human-computer interaction, the load power param-
eters can be detected in real time through the host com-
puter. In addition, the output voltage of the UPS system will
increase to 220V or 380V, and the battery charging circuit and
control strategy can be studied and tested.
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