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Adaptive Totem Pole PFC Control
Based on Backpropagation Neural Network

With Wide Voltage Range and Low Current THD
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Abstract—The totem pole power factor correction (PFC) circuit
is a prevalent front-end topology employed in on-board chargers
owing to its high efficiency and uncomplicated structure. Nev-
ertheless, the conventional fixed parameters control methods are
deficient in terms of robustness, resulting in high total harmonic
distortion (THD) of input current when operating over a wide
voltage range. To solve this problem, this article first proposes a
dynamic root locus PI control based on the small signal model anal-
ysis of totem pole PFC. Furthermore, a dual-frequency adaptive PI
control based on back propagation neural networks (DF-BPPI) is
proposed for optimization of the control parameters. Compared
to existing methods, the proposed control method can achieve
lower current THD under different output voltages and loads.
Experimental results on a 3-kW prototype demonstrate that the
proposed DF-BPPI control attains a THD of less than 3% and a
power factor higher than 0.995 under all output voltages above
half load.

Index Terms—Adaptive control, backpropagation neural
network, low current total harmonic distortion (THD), Totem pole
power factor correction (PFC).

NOMENCLATURE

Parameters Description.
Vin Input voltage.
Vo Output voltage.
Co, RL, L Circuit resistance, capacitance and inductance.
iL Current of inductance.
D Duty cycle.
x̂, d̂, û Small disturbance momentum.
Gid Transfer function from duty cycle to input in-

ductor current.
Ar Sinusoidal pulse width modulation reference.
PI Proportional and integral control.
Kp, Ki Continuous domain PI parameters
Kp’, Ki’ Discrete domain PI parameters.
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KE Evans’ gain value.
ST
X(s) Sensitivity to variable X.

l1, l2 The distance from the closed-loop pole to the
open-loop zero and the open-loop pole.

ξ Damping ratio.
P0, Z0 Open-loop pole, open-loop zero.
α, β Inertia coefficient and learning rate.
DRL-PI Dynamic root locus PI control.
DF-BPPI Dual-frequency adaptive PI control based on

back propagation neural network.
Oi, Oj, Ok Input layer, hidden layer, and output layer.
wij, wjk Connection weights between neurons.
netj, netk Weighted summation layer.
Δwij , Δwjk Weight variation.
e(n)max Maximum current error.
E(m) Mean square error.
i∗ Current rms instruction.
f(x) Tanh activation function.

I. INTRODUCTION

W ITH the development of the global economy, the energy
crisis has become one of the most significant challenges

faced by humanity, leading to an increasing demand for electri-
fied transportation systems [1]. As an important component of
electric vehicles (EVs) and plug-in hybrid electric vehicles, the
on-board charger (OBC) holds substantial application potential
[2]. The typical structure of two-stage type OBC is shown in
Fig. 1. Among various topologies, the totem pole power factor
correction (PFC) circuit has garnered extensive research and
practical application as the prestage ac/dc converter due to its
high power factor (PF), simple structure, and low switching
losses [3], [4], [5].

The voltage of a single cell in the EV typically ranges from 2.5
to 4.2 V [6], [7], leading to significant variations in the required
charging voltage for the battery pack. In order to accommodate
this wide voltage range and achieve higher overall efficiency, the
two-stage OBC imposes requirements on the voltage regulation
capabilities of its totem pole PFC circuit [8], [9]. Furthermore,
traditional controllers are not robust against external distur-
bances and uncertainties. Changes in key circuit parameters due
to environmental factors will render preset control parameters
ineffective, leading to an increase in current total harmonic
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TABLE I
COMPARISON BETWEEN DIFFERENT CONTROL METHODS

distortion (THD) [10]. The international standards, such as IEC
61000-3-2, impose stringent requirements on the current THD
of electrical equipment. The increased harmonic current will in-
crease power grid loss and harmonic pollution, and reduce power
grid capacity utilization and energy efficiency [11]. These chal-
lenges emphasize the urgency of researching adaptive control
methods for totem pole PFC over a wide output voltage range.
Although the traditional double-loop proportional integral (PI)
controller [12] has been widely used in PFC applications due
to its relatively simple control logic, it is difficult to achieve
an effective balance between fast response and precise control
over a wide operating range. Some studies have explored linear
quadratic regulation (LQR) control [13], but the adjustability
of this method is limited to a narrow area around the operating
point. The fuzzy PI controller is also an effective method for
implementing adaptive control, but the design of its rules heavily
relies on empirical knowledge [14]. Literature also reports the
use of sliding mode controllers based on Lyapunov functions
in PFC control [15], which exhibits robustness to uncertainties
but may introduce chattering that leads to system power loss.
The high-order sliding mode (HOSMC) control method is con-
sidered a promising adaptive control method, but its practical
implementation remains challenging due to its high complexity
[16].

In recent years, the rapid development of artificial intelli-
gence (AI) has led to the emergence of hybrid control methods
combining AI with traditional control methods, which have

been experimentally validated in various fields [17], [18], [19].
The single-neuron feedback PI network, characterized by its
simplicity and online parameter adjustment capabilities, has
demonstrated practical value in applications such as remote
sensing platform control [20] and controlled nuclear fusion [21].
However, its overall gain primarily relies on empirical methods,
which limit its adaptability [22]. Furthermore, researchers de-
signed a PID control method based on back propagation (BP),
known as the BP-PID method [23]. This method has achieved
success in diverse areas such as three-phase PWM rectifier
control [24], turbine unit control [25], and robot arm control
[26], demonstrating excellent adaptability to complex nonlin-
ear systems and dynamic environments. However, the BP-PID
method faces challenges such as high computational demands,
susceptibility to local optima, and excessive overshoot during
control processes, making it less suitable for electronic converter
control [27]. Therefore, this method needs to be improved to
make it more suitable for controlling the totem pole PFC model.
Table I shows the advantages and disadvantages of the literature
scheme investigated. The main work and contributions of this
article are as follows:

1) The theoretical small signal model of totem pole PFC
is established, and a dynamic root locus PI (DRL-
PI) control method suitable for wide voltage and load
range control is proposed. Realize low current THD of
totem pole PFC in a wide range of output voltage and
load.
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Fig. 1. Typical structure of OBC.

Fig. 2. Topology of totem pole PFC.

2) To address the inaccuracies inherent in the theoretical
model, a dual-frequency adaptive BP-PI control method
(DF-BPPI) is proposed. The proposed method solves the
problem that the traditional BP-PID algorithm has a large
amount of calculation and is sensitive to the local optimal
solution, realizes a wide range of adaptive adjustment, and
significantly reduces the current THD.

3) The robustness of the proposed control is verified based
on a 3-kW prototype, achieving lower current THD under
all operating output voltages and loads.

The rest of this article is as follows. Section II describes the
establishment of small signal model for totem pole PFC, and
proposes the DRL-PI control method. Section III proposes the
DF-BPPI control method to achieve adaptive control. Section IV
designs a 3-kW prototype and verifies the proposed DF-BPPI
control method. Finally, Section V concludes this article.

II. TOTEM POLE PFC CONTROL MODEL AND DRL-PI

A. Large and Small Signal Model Analysis

The topology of totem pole PFC is shown in Fig. 2. The
converter consists of inductor L, output capacitor Co, output load
RL, high frequency switching tubes S1, S2 and low frequency
switching tubes S3, S4. Fig. 3 shows the switching waveforms.

When the ac input voltage is under a positive half cycle, the
operating state is shown in Fig. 4(a) and (b). During this stage,
switching tube S3 is OFF and S4 is ON. In the operating state
shown in Fig. 4(a), S1 is OFF and S2 is ON, allowing the ac input
to charge the inductor. At the same time, the capacitor supplies
power to the output load, causing the output voltage to decrease.
In the operating state shown in Fig. 4(b), S1 is ON and S2 is
OFF, causing the inductor to discharge. The input voltage and
the inductor voltage are superimposed, simultaneously charging
the capacitor and powering the load, resulting in an increase in
the output voltage. When the ac input voltage is under a negative

Fig. 3. Switching waveform of the totem pole PFC.

Fig. 4. Operation process stages of totem pole PFC. (a) Inductive charging
under positive half cycle. (b) Inductive discharge under positive half cycle.
(c) Inductive charging under negative half cycle. (d) Inductive discharge under
negative half cycle.

half cycle, the operating states are shown in Fig. 4(c) and (d),
where the switching tubes S3 and S4 operate in the opposite way
to that described above. The analysis of these two operating
states is similar to the states analysis above. During the negative
half-cycle, the inductor is charged when S1 is conducting and
discharged when S1 is not conducting.

Given the symmetrical operating characteristics of totem
pole PFC in both the positive and negative half-cycles of the
input voltage, this article examines the positive half-cycle as
a representative example. The state space equation is adopted
to analyze the large signal model of totem pole PFC within a
switching cycle, thereby providing a unified mathematical model
of the system. This approach facilitates subsequent analysis and
optimization. The developed state space equation is as follows:

•
X = AX +BU,X =

[
iL
Vo

]
, U = [Vin] (1)

where iL is the inductive current. For a complete cycle, the state
equation of the totem pole PFC large signal model within a
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switching period is

•
X = AX +BU,A =

[
0 − 1−D

L
1−D
Co

− 1
RLCo

]
, B =

[
1/L
0

]
(2)

where D is the duty cycle.
Small signal model is a common analysis method in power

electronics. By linearizing nonlinear circuits, the analysis of
circuits becomes more intuitive. In this article, the perturbation
method is used to build a small signal model of totem pole PFC.
Based on the large signal model, add small perturbations x̂, d̂,
and û, and the equation after applying the perturbations is as
follows:

•
X +

•
x̂ =

[(
D + d̂

)
A1 +

(
1−D − d̂

)
A2

]
(X + x̂)

+
[(

D + d̂
)
B1 +

(
1−D − d̂

)
B2

]
(U + û) .

(3)

Disregarding second-order small quantities, the steady-state
(4) and the small signal model (5) are separated

•
X = [DA1 + (1−D)A2]X + [DB1 + (1−D)B2]U (4)

•
x̂ = Ax̂+Bû+ [(A1 −A2)X + (B1 −B2)U ]d̂. (5)

In double-loop control, the inner current loop ensures that the
input current is close to the sinusoidal waveform, which is the
main factor affecting the input current THD and PF. In order to
reduce the current THD, the following analysis in this article
will focus on the control of the inner current loop.

Considering that the system is in a steady state, the effect
of the feedforward loop can be ignored. The transfer function
from duty cycle to input inductor current can be derived by the
Laplace transform of (5)

Gid =
VoCoRLs+ 2Vo

LCoRLs2 + Ls+ (1−D)2RL

. (6)

The converter designed in this article operates at a switching
frequency of 75 kHz. As mentioned in [28], the analysis of
the transfer function of the current loop focuses on the high-
frequency response characteristics. The transfer function can be
simplified as follows:

Gid =
Vo

Ls
. (7)

The Bode diagram in Fig. 5 shows the frequency response
of the transfer function before and after simplification. In the
high-frequency region, the simplified transfer function closely
matches the original transfer function, indicating that the sim-
plified analysis is applicable to the high-frequency response.

B. PI Control Based on Dynamic Root Locus

Fig. 6 shows the traditional double-loop control method,
where PLL is the phase-locked loop and Ar is the sinusoidal
pulsewidth modulation reference. This method adopts a com-
bination of a voltage outer loop and a current inner loop, and
introduces feedforward to accelerate response and stabilize the
system.

Fig. 5. Comparison of Bode diagram before and after simplification.

Fig. 6. Traditional control block diagram.

Fig. 7. Control block diagram of the traditional current inner loop.

By combining (7) with the PI controller transfer function, the
control block diagram of the current inner loop can be obtained
as shown in Fig. 7. The open-loop transfer function expressed
in Evans’ form is

GH(s) =

(
s+Ki/Kp

s2

)
· KpVo

ArL
(8)
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Fig. 8. Bode diagram of system sensitivity.

Fig. 9. Root locus curve of the inner current loop.

where Kp is the proportional coefficient, Ki is the integral
coefficient, and the Evans’ gain value can be expressed as

KE =
KpVo

ArL
. (9)

The closed-loop transfer function is

T (s) =
GH(s)

1 + GH(s)
. (10)

The sensitivity analysis is conducted to quantitatively evaluate
the robustness of the proposed method. The sensitivity functions
of the closed-loop system to the output voltage and inductance
are as follows:

ST
Vo
(s) =

∂T (s)/T (s)

∂Vo/Vo
=

1

1 + GH(s)
(11)

ST
L (s) =

∂T (s)/T (s)

∂L/L
= − GH(s)

(1 + GH(s))2
. (12)

Fig. 8 shows the Bode plot of system sensitivity. In a wide
range of frequencies, the Bode gain of sensitivity is not zero,
so the system is sensitive to changes in voltage and inductance.
Fixed parameter control is not suitable for a wide range control.

The root locus is shown in Fig. 9, where there are two open-
loop poles P0 and one open-loop zero Z0 (-Ki / Kp, 0), and
the directions of the two root locus branches are marked in the
figure. For a given value of Evans’ gain, Pc1 and Pc2 are two
closed-loop poles, l1 is the distance from the closed-loop pole

Fig. 10. Relationship between closed-loop poles and response.

to the open-loop zero and l2 is the distance from the closed-loop
pole to the open-loop pole. In the circumstances, Evans’ gain
and damping ratio ξ satisfy

KE =
l2 · l2
l1

(13)

ξ = cos(θ). (14)

Fig. 10 shows the relationship between the selection of closed-
loop poles and the response in the design of the root locus.
The change in output voltage will cause a change in the zero
position of the open-loop, which further leads to a change in the
root locus. The emergence of dynamic root trajectories means
that the stability and dynamic response characteristics of the
system are no longer constant. In this case, a fixed parameter PI
controller is difficult to consistently operate the system within
the optimal performance range.

For closed-loop systems, ξ = 0.707 is often used as a design
guideline [29]. At this damping ratio, the closed-loop poles are
within the optimal response range, which means the system has
faster response and lower overshoot. For the system analyzed in
this article, this means

θ = 45◦. (15)

l1 = −Ki/Kp = l2/
√
2. (16)

Simultaneously (9), (13), and (16), the PI controller parame-
ters satisfy

Kp
2

Ki
=

2ArL

Vo
. (17)

In order to achieve faster system response, it is necessary to
select a sufficiently large attenuation index. In the dynamic root
locus design in this article, the attenuation index is selected as
ξ ωn= 104, which satisfies:

Ki/Kp = ξωn. (18)
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Fig. 11. Proposed DRL-PI control block diagram.

Equations (17) and (18) demonstrate the relationship between
the circuit parameters, output voltage, and optimal control pa-
rameters of the PI controller in the continuous time domain. The
analysis clearly indicates that the control parameters are pri-
marily determined by the inductance and output voltage. Based
on this understanding, this section proposes a DRL-PI control
method, illustrated in Fig. 11. The DRL-PI continuously adjusts
the PI parameters according to the variations in inductance and
output voltage using the derived equations, thereby enhancing
the system’s adaptability to condition changes. The sensitivity
analysis is as follows:

ST
Vo
(s) =

∂T (s)/T (s)

∂Vo/Vo
= 0 (19)

ST
L (s) =

∂T (s)/T (s)

∂L/L
= 0. (20)

The sensitivity of the system to variations in output voltage
and inductance approaches zero under the proposed control
method. This indicates that the enhanced system exhibits strong
robustness against fluctuations in these parameters, demonstrat-
ing the adaptive capability of the new controller.

Considering the actual control of the digital signal processor,
the time domain expression is discretized to obtain the parame-
ters of the digital signal controller. The backward Euler method
is a common discretization method. It possesses the advantages
of constant steady-state gain before and after the transformation,
and the performance of the discretized system is similar to that
of the prediscretization system when the frequency is high [30].
The incremental PI algorithm is expressed as follows:

ΔU = Kp(E(n)− E(n− 1)) + TKiE(n) (21)

where E is the error, T is the control period, andΔU is the output
increment value for each control.

The relationship between PI parameters in the digital con-
troller and the continuous time domain is as follows:{

Kp
′ = Kp

Ki
′ = TKi

. (22)

As illustrated by (17), (18), and (22), the optimal control pa-
rameters derived from the theoretical model in discrete form can
be obtained. In addition, the proposed control method is applica-
ble to both continuous conduction mode and critical conduction
mode, without an additional mode switching mechanism. The
substitution of the inductance value and the target output voltage

Fig. 12. BP neural network model.

into the function enables the continuous adjustment of the PI
parameters, thereby ensuring that the current inner loop attains
lower THD over a wide voltage range.

III. PROPOSED DF-BPPI CONTROL

Although the previous analysis provides a simplified theo-
retical framework, it does not consider the influence of para-
sitic parameters, sampling time, temperature changes, and other
factors in the circuit. The error of the theoretical model will
lead to the incomplete optimization of the theoretical control pa-
rameters. Therefore, while the proposed DRL-PI method shows
preliminary success in voltage adaptive control, its performance
requires further improvement. In this section, a dual-frequency
adaptive PI control based on backpropagation neural network
(DF-BPPI) is proposed. This method introduces an online pa-
rameter optimization neural network into the DRL-PI control,
improving the adaptability of the system and achieving a low
THD of current.

A. Dual-Frequency Backpropagation Neural Network Suitable
for the Totem Pole PFC

A backpropagation neural network is a feedforward neural
network trained according to the error backpropagation algo-
rithm, which consists of one input layer, several hidden layers,
and one output layer. The learning process involves two main
steps: forward propagation and backpropagation. In the forward
propagation process, the normalization parameters are fed into
the neural network and calculated based on connection weights,
activation functions, and node thresholds at each layer. When
there is an error between the output value and the expected
value, backpropagation is performed to adjust the weights and
minimize the error. The common framework structure of the BP
neural network is shown in Fig. 12.

In order to achieve low current THD under all operating con-
ditions, this article improves the traditional BP neural network
and forms a new structure suitable for inner loop control of
PFC, as shown in Fig. 13. The further control block diagram
of the proposed DF-BPPI is illustrated in Fig. 14. The whole
system adopts the strategy of online learning. The data used for



CHU et al.: ADAPTIVE TOTEM POLE PFC CONTROL BASED ON BACKPROPAGATION NEURAL NETWORK 6669

Fig. 13. Backpropagation neural network for PFC control designed in this
article.

Fig. 14. Proposed DF-BPPI control block diagram.

Fig. 15. Proposed DF-BPPI flowchart.

training is the real-time data collected by voltage and current
sampling, and there is no need to provide additional offline data
sets. With the continuous operation of the system, more data
will enter the model for continuous training, and the model will
be continuously updated during operation. The design of the

Fig. 16. Prototype of the OBC.

Fig. 17. Hardware connection block diagram.

neural network includes three layers of nodes, and the number
of neurons in each layer is 3, 4, and 2. Oi, Oj, and Ok are the input
layer, hidden layer, and output layer of the network, respectively,
wij and wjk are the connection weights between neurons. The
key data of the totem pole PFC rectifier in one utility frequency
cycle are selected as the inputs of the neural network, including
the maximum current error e(n)max, the mean square error
Ē(m− 1), and the current rms instruction i∗. In particular, this
article uses n to represent the number of calculation periods and
m to represent the number of utility frequency periods. These
input data are normalized to improve the training efficiency and
prediction accuracy of the neural network. For the main structure
of the neural network, four hidden-layer neuron nodes and two
output-layer neuron nodes are set up. These two output nodes
respectively correspond to the parameter correction of the PI
controller. Different from the traditional BP-PID, the network
designed in this article modifies the parameters based on the
DRL-PI control proposed in Section II, reducing the influence
of network oscillation on the circuit control and improving the
response speed of the network.

Furthermore, a dual frequency control method integrating fast
and slow control frequency components is designed in this article
to address the problem of slow calculation speed and inability to
adapt to ac current control in traditional BP-PID. This method
divides the control process into two modules: low-frequency
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Fig. 18. Experimental results of THD comparison of different control meth-
ods. (a) Different loads at Vo = 400 V. (b) Different output voltages at RL = 160
Ω.

Fig. 19. Harmonic component comparison at full load at Vo = 700 V.

and high-frequency. The low-frequency module operates during
the utility frequency cycles, focusing on intelligent adjustment
and optimization of controller parameters by above BP neural
network. This means that the interrupt frequency calculated by
the neural network is the utility frequency. The high-frequency
module operates during the high-frequency cycles, focusing on
the current control by PI controller to ensure fast response and
precise adjustment. By integrating the slower BP neural network
with the faster, more sensitive PI control, the DF-BPPI control

Fig. 20. Experimental results of the DF-BPPI control under different output
voltages and loads. (a) THD-Load. (b) PF-Load. (c) Efficiency-Load.

Fig. 21. Screenshot of the power analyzer of prototype at 700 V output full
load.
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Fig. 22. Measured waveforms of the DF-BPPI at full load at different output
voltages. (a) 400 V. (b) 500 V. (c) 600 V. (d) 700 V.

method achieves both fast response and parameter adaptation,
solving the high current THD problem of traditional control over
a wide range. The stability is primarily governed by the high-
speed PI controller, since the BP neural network operating at a
low-frequency cycle only adjusts the PI parameters and does not
directly interfere with the dynamic response. Consequently, the
stability characteristics of the DF-BPPI system resemble those
of a fixed parameter PI controller, without introducing additional
zeros or poles. The main distinction lies in the adjustment of the

root locus due to parameter adaptation. As shown in Fig. 9, all
closed-loop poles remain in the left half plane throughout the
neural network training process, which ensures system stability
under the proposed control method.

B. Forward and BP Calculation for the Designed Neural
Network

The BP neural network first carries out forward propagation,
and the relationship between the hidden layer and the input layer
is as follows:{

netj =
∑4

i=1 wijOi

Oj = f(netj)
(i = 1, 2, 3)

(j = 1, 2, 3, 4)
. (23)

The relationship between the hidden layer and the output layer
is as follows:{

netk =
∑4

j=1 wjkOj

Ok = f(netk)
(j = 1, 2, 3, 4)
(k = 1, 2)

. (24)

The activation function is employed in both (13) and (14).
Nonlinear factors are introduced to neurons, thereby enabling
the neural network to arbitrarily approximate any nonlinear
function, thus ensuring the network’s applicability to nonlinear
models. The activation function employed in the hidden and
output layers is the Tanh function, with outputs ranging from -1
to 1. This is to ensure that the positive and negative correction
of parameters can be achieved

f(x) = tanh(x) =
ex − e−x

ex + e−x
. (25)

The weight of the neural network is constantly updated in the
negative gradient direction when the error is backpropagated.
The implementation of this process is intended to minimize error
and ensure low THD control

Δwjk(m) = − η
∂E(m)

∂wjk
+ αΔwjk(m− 1) (26)

Δwij(m) = − η
∂E(m)

∂wij
+ αΔwij(m− 1) (27)

where η is the learning rate, representing the step size of the
reverse search of the neural network, selecting an appropri-
ate learning rate can make the network have both a higher
convergence speed and a smaller oscillation; α is the inertia
coefficient, selecting an appropriate inertia coefficient can make
the network jump out of the local optimal solution to obtain
better results. This article selects the classic values η = 0.01 and
α = 0.6 to construct the BP neural network. The derivative can
be calculated using the chain rule as follows:

∂E(m)

∂wjk
=

∂E(m)

∂Ok(m)
· ∂Ok(m)

∂netk(m)
· ∂netk(m)

∂wjk(m)
(28)

∂E(m)

∂wij
=

∂E(m)

∂Ok(m)
· ∂Ok(m)

∂netk(m)
· ∂netk(m)

∂Oj(m)
· ∂Oj(m)

∂netj(m)
· ∂netj(m)

∂wij(m)
.

(29)
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Fig. 23. Transient waveforms of the DF-BPPI. (a) Load step from 167 to 100 Ω. (b) Voltage step from 500 to 400 V.

Fig. 24. THD comparison at different circuit parameters. (a) Inductance is 175 µH. (b) Inductance is 225 µH.

Considering that nonlinear derivatives are difficult to solve,
approximate solutions are solved using symbolic functions:

∂E(m)

∂Ok(m)
≈ sgn

(
∂E(m)

∂Ok(m)

)
= sgn

(
E(m)− E(m− 1)

Ok(m)−Ok(m− 1)

)
.

(30)
Finally, the network weights updated by the backpropagation

obtained by the solutions are as

∂E(m)

∂wjk

= sgn

(
E(m)− E(m− 1)

Ok(m)−Ok(m− 1)

)
· f ′(netk(m)) ·Oj(m)

(31)

∂E(m)

∂wij
=

f ′(netj(m)) ·Oi(m) ·
2∑

k=1

[
sgn

(
E(m)− E(m− 1)

Ok(m)−Ok(m− 1)

)

· f ′(netk(m)) · wjk(m)

]
(32)

where the derivative of the activation function is

f ′(x) = 1− f2(x). (33)

C. Implementation of the Proposed Method

Fig. 15 shows the designed flow chart of DF-BPPI, where the
blue flow represents the utility frequency control and the pink
flow represents the high-frequency control.

First, the structure of the BP network is selected and the
parameters of the neuron connection weights are initialized.
Subsequently, the input network parameters are normalized, and
BP and forward propagation calculations are performed. The PI
parameters of the inner current loop are then updated based on
these results, and new control error values are obtained through
sampling. At each zero crossing of the power frequency cycle,
the system evaluates whether the control meets the expected
performance. If the optimal performance is not achieved, the
network propagation calculation continues to adjust the PI pa-
rameters until the system stabilizes and the control error reaches
the desired value, thereby concluding the process.

IV. EXPERIMENTAL VERIFICATIONS

In order to evaluate the performance of the proposed control
method, a three-phase OBC circuit was designed, as shown in
Fig. 16.

The OBC prototype includes the totem pole PFC and LLC
structure. As the main focus of this article is on the control of the
totem pole PFC, the LLC circuit was disconnected and only the
single-phase totem pole PFC was tested and analyzed. The main
parameters of the circuit are shown in Table II. And the hardware
connection block diagram is shown in Fig. 17. The hardware
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TABLE II
PROTOTYPE PARAMETERS

TABLE III
COMPUTATIONAL RESOURCES TEST DATA

settings include two main circuits, the main power circuit, and
the control circuit. The main power circuit includes 220 V rms,
50 Hz ac power supply, air switch, line filter, SiC-based power
conversion module, and dc load. The control circuit has current
and voltage sensors to obtain the actual measured value, and
uses DSP to realize real-time control.

TMS320F28379S DSP is selected as the controller, and the
main frequency is set to 150 MHz. Table III shows the compu-
tational resources of the experimental test, and the total com-
putational resources are about 37.42%. The proposed method
does not require additional hardware costs. BP neural network
works in a low-frequency cycle and occupies low computational
resources, so the proposed method is suitable for the deployment
of embedded systems.

In the comparison experiments, the parameters set at 700 V
output voltage are used as traditional fixed PI control, which is
compared with the DRL-PI control proposed in Section II and
the DF-BPPI control proposed in Section III. The input current
THD data was collected by the power analyzer PA5000H to
evaluate the control effect. The measurement bandwidth of the
power analyzer is 5 M and the sampling rate is 2 MS/s. Fig. 18(a)
shows the THD comparison of different control methods under
different loads when the output voltage is 400 V. Fig. 18(b)

shows the THD comparison of different control methods under
different output voltages when the resistance is 160 Ω.

It is evident that the control performance of the traditional
fixed PI deteriorates when the voltage deviates from the set
condition. Furthermore, the larger the output voltage deviation,
the worse the control effect. Although DRL-PI control can adjust
control parameters based on inductance and output voltage, it
cannot achieve optimal control performance due to parasitic
parameters, control delay, temperature changes, and other factor.
This means that even at the nominal point, the optimal parameter
control of the theory is still difficult to maintain the optimal
performance. In contrast, DF-BPPI showed better robustness in
the experiment. The DF-BPPI method solves this problem by
compensating the influence of complex factors, current THD
decreases in the whole working range. It can achieve adaptive
control under a wide operating condition, effectively reducing
current THD. Compared with the fixed PI control, for the 400
V constant voltage output, THD decreased by 10.4% under the
10% load and by 5.2% under the 100% load, for the 160 Ω
constant load, THD decreased by 5.1% under the 350 V output
and by 0.7% under the 700 V output.

In addition, due to the great harm of odd harmonics to the
power grid, this article tested the odd harmonics analysis com-
parison data of traditional control and DF-BPPI control under
700 V full load output, as shown in Fig. 19. It can be seen
that the proposed control can effectively reduce the harmonic
components of each order.

To further assess the wide-range control capability of the
method proposed in this article, DF-BPPI was tested under
different output voltages and loads. The resulting THD-Load
curves, PF-Load, and Efficiency-Load curves are shown in
Fig. 20. Experimental results show that the DF-BPPI control
method achieves a THD of less than 3% and a PF higher than
0.995 under all output voltages above half load. Fig. 21 shows a
screenshot of the power analyzer at 700 V full load, achieving the
best results with THD = 1.55% and PF = 0.9983. Fig. 22 shows
the waveforms of the DF-BPPI control at full load at different
output voltages.

Then, Fig. 23(a) shows the transient waveform when the load
steps from 167 Ω (1.5 kW) to 100 Ω (2.5 kW) under 500 V
constant voltage output. Fig. 23(b) shows the transient waveform
of the output voltage from 500 to 400 V under a 100 Ω constant
resistance output. After the transient behavior, the high-speed PI
control ensures the stable operation of the system. The low-speed
BP neural network control is then reactivated after detecting the
increase of THD in the system, and the process in Fig. 15 is
repeated for parameters correction to achieve the optimal current
THD control in the steady state.

Finally, the inductance of the totem pole PFC is changed to
verify the adaptability to the circuit parameters. The parame-
ters set by DF-BPPI when the inductance was 200 μH were
selected as the fixed parameters control group, and real-time
DF-BPPI control was used for comparative analysis. THD-Load
curves obtained under different inductors are shown in Fig. 24.
When the inductance is 175 μH, the average THD decreased by
0.420%, and when the inductance is 225 μH, the average THD
decreased by 0.394%. This proves that the DF-BPPI control
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TABLE IV
COMPARISON OF DIFFERENT CONTROL METHOD

method can adjust control parameters according to changes in
circuit parameters, achieving lower current THD control.

Furthermore, Table IV gives a comparison of different con-
trol methods in terms of steady-state performance, robustness,
complexity, and feasibility. Overall, the method proposed in this
article enables efficient wide-range adaptive control of totem
pole PFC on digital controllers with limited computational ca-
pabilities.

V. CONCLUSION

This article proposes a dual frequency parameter adjustment
method to solve the problem of large current THD of totem pole
PFC topology in a wide operating range. By combining a slow-
speed BP neural network with high-speed PI current control,
this method can utilize the limited computational resources of
the controller to adjust control parameters and achieve optimal
control. In addition, the adjustment of parameters is based on the
PI control designed by the dynamic root locus, which improves
the stability and robustness of the system.

Experimental results have verified that compared to tradi-
tional methods, the proposed DF-BPPI method reduced THD
by 5.82% on average at a constant output voltage and achieved
THD lower than 3% under all output voltages above half load.
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