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Abstract

Focusing on the common problems of phase-locked loop dependence, multiple current sen-
sor requirements, a large number of controllers, and complex settings in traditional parallel
active power filter (APF) control methods, this paper proposes a harmonic compensation
control strategy based on an improved proportional resonant (PR) controller. The proposed
method introduces an instantaneous power theory to construct a reference current model,
which relies solely on grid voltage and current signals, does not require load-side current
detection and phase-locked loop modules, and effectively simplifies the sensor configura-
tion and system structure. At the same time, compared with the traditional solution that
requires PR modules to be configured for each order of harmonics, this study only uses
one set of PR controllers for fundamental current tracking, which has advantages in terms
of compactness and computing resource occupation. To guide the controller parameter
setting, this paper systematically discusses the influence of changes in K}, and K; on pole
distribution and dynamic performance based on discrete domain modeling and root locus
analysis methods. The results were verified on the MATLAB/Simulink simulation platform
and the 1 kVA experimental platform and compared with the traditional control method
that requires the use of phase-locked loops (PLLs), load current sensors, and multiple PR
controllers. The simulation and experimental results show that the proposed method has
achieved a certain degree of optimization in terms of harmonic suppression effect, dynamic
response performance, and system structure complexity.

Keywords: proportional resonant control; sensor-less; PLL less; harmonic compensation;
root locus analysis

1. Introduction

With the widespread application of power electronics technology, the number of
nonlinear loads in modern power systems has increased, resulting in increasingly serious
harmonic pollution problems. The harmonic currents generated by these nonlinear loads
not only cause voltage waveform distortion but may also lead to a series of power qual-
ity problems, such as the overheating of electrical equipment and malfunction of relay
protection [1,2]. To meet this challenge, APFs have emerged. APFs use advanced power
electronics technology and real-time control algorithms to dynamically track and accu-
rately compensate for harmonics and reactive currents, significantly improving the energy
efficiency and power quality of the system [3,4]. Compared with traditional passive filters,
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APFs have the advantages of strong adaptability and fast response speed and are particu-
larly suitable for industrial applications with frequent load changes [3]. At present, parallel
APFs based on voltage source converters have become a research hotspot in the field of
harmonic control and the preferred solution in engineering practice. Among them, parallel
three-phase three-wire two-level APFs have been widely used in industrial scenarios due
to their excellent filtering performance and economy [4]. To achieve excellent harmonic
compensation performance in APFs, the design of an effective control strategy is essential.
The dynamic response and steady-state accuracy of the control method directly affect the
filter’s compensation performance, particularly under sudden load changes or complex
harmonic conditions [5]. Currently, research on APF control methods has branched into
multiple technical directions. Among them, the traditional control scheme based on syn-
chronous coordinate transformation is widely adopted due to its simple implementation.
In the proposed method, the grid voltage phase is obtained using a PLL, which is then used
to perform a synchronous coordinate transformation (such as the dg transformation) on
the load current. This converts the fundamental component of the AC current into a DC
signal. A low-pass filter is then used to extract the AC harmonic components, which are
regulated by a proportional-integral (PI) controller to achieve harmonic compensation [6].
Although this approach offers fast dynamic response, its inherent bandwidth limitations
reduce the accuracy of high-frequency harmonic compensation, making it difficult to meet
performance requirements under complex harmonic conditions [7]. To address this issue,
researchers introduced repetitive control strategies based on the internal model principle.
This approach constructs an internal model of the periodic signal, enabling, in theory,
zero-error tracking of all harmonic components and significantly enhancing steady-state
accuracy. However, standalone repetitive control suffers from response lag, which can lead
to transient oscillations during sudden load changes. To overcome this drawback, com-
posite control strategies have been developed. The Pl-repetitive control parallel structure
(PIRC) proposed in [7] combines the fast dynamic response of PI control with the high-
precision compensation of repetitive control, achieving improved performance through a
time—frequency domain collaborative control mechanism. Despite its advantages, PIRC
still has several limitations. First, it relies on the PLL, which introduces phase detection
delays and can cause small-signal stability issues [8-10]. Second, PIRC involves high
computational complexity, requires large memory resources, and exhibits limited effective-
ness in compensating for non-periodic harmonics. To tackle these challenges, PR control
implemented in the stationary reference frame (¢ coordinate system) offers a simpler and
more efficient alternative [11]. The PR controller directly constructs a complex domain
resonator in the o3 coordinate system. In theory, there is no need for coordinate transfor-
mation or reliance on a PLL, which simplifies the control structure, reduces computational
complexity, and improves the real-time performance and stability of the system. However,
in practical applications, the PR controller is often implemented in combination with PLL
and synchronous rotating coordinate transformation (dg transformation). By obtaining the
phase information of the grid voltage through PLL and using the phase information for
dq transformation, specific harmonic components can be converted into components of
the same frequency, thereby reducing the number of PR controllers required. For exam-
ple, the fifth and seventh harmonics will appear as sixth harmonic components in the dg
coordinate system, so a PR controller for the sixth harmonic can be used to compensate
for both harmonics at the same time. This approach not only significantly reduces the
control algorithm’s requirements for storage space and computing power, but its modular
structure can also flexibly expand the compensation frequency band by connecting multiple
resonators in parallel.
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Therefore, it is essential to further explore the application potential of PR controllers
in APFs [12], particularly in conjunction with the emerging research trend of sensorless
control strategies. In recent years, low-sensor schemes have gained increasing attention
as a means to reduce system cost, enhance reliability, and avoid issues related to sen-
sor noise, drift, and failure [13]. Reference [14] proposed a variable structure adaptive
predictive control (VS-APPC) method based on pole placement theory and the internal
model principle. This approach enables zero steady-state error sinusoidal tracking and
accommodates system parameter uncertainties—without requiring harmonic detectors or
current sensors. However, it demands high model accuracy and careful parameter tuning,
making practical implementation complex. Reference [15] introduced a direct current
control (DCC) method based on a predictive model, which relies solely on grid current
measurements while eliminating the need for load and filter current sensors. Although the
control structure is simple, its robustness is constrained by the accuracy of the filter model.
Beyond reducing current sensors, the elimination of voltage sensors has also become a
significant research focus [16-21]. References [16,17] propose voltage sensorless control
strategies using electromotive force (EMF) estimation and model predictive control (MPC)
algorithms. These methods simplify the system architecture considerably but depend heav-
ily on accurate modeling and prediction and often involve high computational complexity.
References [18,19] utilize virtual flux estimation (VFO) and incorporate techniques such
as cascade delay suppression (CDSC), second-order generalized integrator (SOGI), and
resonant compensators to improve system robustness and high-frequency adaptability
under unbalanced grid conditions. In addition, References [20,21] employ time-domain
symmetric component extraction (SCEA) to generate reference signals without requiring
voltage measurements. By extracting the negative-sequence current and driving the inverter
current to compensate for it, these methods effectively eliminate unbalanced components
while simplifying the sensing configuration.

Based on this line of research, References [22,23] proposed a voltage sensorless control
strategy for APFs that integrates a PR controller with the symmetric component extraction
algorithm (SCEA). In the proposed method, SCEA derives the positive-sequence component
of the three-phase load current to serve as the reference signal. Unlike conventional
approaches that regulate the inverter current, the PR controller is designed to track the
dynamic error of the grid current. This approach effectively simplifies the control logic
while delivering favorable performance in harmonic compensation and power balancing.

This paper further enhances the control strategy presented in References [22,23] by
incorporating the harmonic reference current extraction method based on instantaneous
power theory, as proposed in Reference [16]. An improved PR control scheme for APFs is
developed, which eliminates the need for a PLL and relies solely on voltage and current
sensors located on the grid side. The key innovations are as follows:

1.  Harmonic reference extraction based on instantaneous power theory: In the proposed
scheme, the reference current is derived by applying frequency domain instanta-
neous power theory to the measured grid-side voltage and current. This allows the
fundamental active power to be isolated and used as the reference, enabling pre-
cise extraction of the desired current component. Compared to the time-domain
SCEA method adopted in [22,23], which suffers from intrinsic delay due to quarter-
cycle accumulation, the proposed approach offers faster response and improved
real-time performance.

2. Sensorless control strategy without load current measurement: The control architec-
ture utilizes only grid-side voltage and current measurements to both generate and
track the reference current, completely eliminating the need for load-side current
sensors. Such a design simplifies the sensing configuration and improves system ro-
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bustness, especially in contrast to [22,23], where both grid-side and load-side current
sensors are still required.

3. Reduced PR controller demand through instantaneous power theory: Instead of as-
signing a dedicated PR controller for each harmonic order, the proposed method
performs harmonic compensation through instantaneous power theory, with only a
single PR controller used for tracking the fundamental frequency current. The com-
pensation effect for higher-order harmonics is achieved indirectly through accurate
shaping of the inverter current. This reduces controller count and computational
burden while maintaining effective multi-order harmonic suppression.

The remainder of the paper is organized as follows: Section 2 presents the system
topology and mathematical modeling of the APF; Section 3 details a PLL-less load current
sensorless improved PR control; Section 4 provides simulation results; Section 5 discusses
experimental validation; and Section 6 concludes the paper.

2. APF Control System

As illustrated in Figure 1, the APF system comprises three main components: a three-
phase AC source, a three-phase inverter, and a nonlinear load. The point of common
coupling (PCC) denotes the interconnection point among these elements. The inverter-side
filter inductance is denoted by Ly. The variables eg, €4, and eg represent the three-phase
grid voltages, while g, igh, and iy correspond to the grid currents. The inverter output
currents are indicated by ig, ig, and ix, and the nonlinear load currents by i, i, and i.
U, denotes the DC-link voltage of the inverter.

N_onlinear Load

iy [
’—’_bp_* R

PI
- Conro]leJ @}VM

Part C:DCbus e
voltageicontrol i
,Improved PR _
__Conroller
Part B: Compensating Part A: Harmonic
current control identification

Figure 1. APF system structure and control block diagram.

The control structure of this system is shown in Figure 1, which includes three parts:
harmonic identification (Part A), compensating current control (Part B), and DC bus voltage
control (Part C). Part A is responsible for extracting the harmonics and reactive components
in the load current and generating the target reference current; Part B uses an improved
PR controller to control the inverter output current to track the reference value to achieve
harmonic compensation; and Part C uses a PI controller to adjust the DC side voltage to
maintain its stability to ensure the energy support required for compensation. The control
structure shown in Figure 1 abandons the direct measurement of the load-side and inverter-
side current in the traditional method. The core is to use only the grid voltage and grid
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current information for harmonic identification and compensation command generation,
thereby significantly reducing the number of sensors and improving the system robustness.

In a three-phase system, define f(t) as the three-phase grid voltage and current, and
the components after Clark coordinate transformation are represented by «, 8, and 0, where
T is the Clark transformation coordinate, as shown in Formula (1).

fu(t) fa(t) S| 1 -2 -2
fet)| =T fa(t) ,Tz\[3 0 V3/2 —3)/2 (1)
fo(t) fe(t) V2/2 V2/2 0 V2/2

In a three-phase three-wire system, the circuit impedance of the zero component is
infinite, so the zero component can be ignored in both voltage and current. Therefore, the
voltage and current can be represented by equivalent complex values, as shown in For-
mula (2). Furthermore, according to the Fourier transform principle and the instantaneous
power theory proposed in Reference [16], the instantaneous complex power s, active power
p, and instantaneous reactive power g of the fundamental wave can be expressed as in
Formula (3), where ¢ is the conjugate component of e.

e:ea+j6ﬁ (2)
s=e" xi=p+jg,p=Re(e" xi),qg=1Im(e" xi) 3)

The working principle of the APF’s harmonic control function is as follows: First,
the sampling circuit acquires signals such as the three-phase grid voltage, load current,
and inverter output current. These signals are then transformed from the abc coordinate
system to the a8 or dq reference frame via coordinate transformation to enable decou-
pled control. Next, a harmonic detection algorithm based on the instantaneous power
theory is employed to accurately decompose the load current into the fundamental ac-
tive component—representing the desirable grid current to be retained—and the har-
monic/reactive component, which corresponds to the undesired current to be eliminated.
Meanwhile, the outer voltage control loop of the DC-link capacitor regulates the charging
and discharging processes through a PI controller, thereby stabilizing the DC bus voltage
and generating the reference signal for the inner current control loop. The harmonic current
compensation module subsequently tracks the target harmonic component in real time
using a zero steady-state error tracking algorithm. The accuracy and dynamic performance
of this algorithm are critical to the overall compensation effectiveness. Finally, the sys-
tem generates gating signals via sinusoidal pulse-width modulation (SPWM), and after
power amplification and high-frequency filtering, injects a compensation current—equal
in amplitude and opposite in phase to the detected harmonic—into the grid. This process
achieves dynamic harmonic suppression and active reactive power compensation, thereby
enhancing power quality and ensuring the safe operation of the power system.

Since the load current iy, the inverter compensation current iz, and the grid current
igape are connected in parallel at the same node, Formulas (4) and (5) can be obtained based
on the law of charge conservation. Formula (4) reflects the node balance relationship
of the current at the PCC, that is, the load current iy, is equal to the grid current gy,
plus the inverter compensation current i In order to achieve effective compensation
of harmonics and reactive currents, the load current needs to be further split into three
orthogonal components according to frequency and power characteristics, fundamental
active component (i;5), fundamental reactive component (i), and higher harmonic
component (i;), as shown in Formula (5). Among them, i, is the “effective electric
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energy” that the grid needs to transmit, while i, ;; and 7, belong to “ineffective work” and
should be compensated by APFs.

ifubc + igabc = 1lgpc 4)

ilape = il-fp + il-fq +ip ®)

Therefore, the inverter output current is regulated to contain the fundamental reactive
component i; 7, and the harmonic component 7, of the load current such that the grid-side
current consists solely of the remaining fundamental active component 7 4,. In other words,
the APF injects harmonic and reactive currents into the grid to counteract the corresponding
components at the load side, thereby retaining only the fundamental active current in the
grid-side current. This principle enables the APF to perform harmonic suppression and
reactive power compensation on the load side, as expressed in Formulas (6) and (7).

ifape = d1-fg + i1 (6)

igabc = ijgpc — ifabc = iffp @)

Therefore, according to Formula (2) and Fourier transform, based on power conserva-
tion, Formula (8) can be obtained:

p=pi+ Y pPnd=q+)Y an (8)
n=2 n=2

p1 and g; represent the active and reactive power derived from the interaction be-
tween the fundamental components of the grid voltage and grid current, while p, and g,
correspond to power components at other (non-fundamental) frequencies. Among them,
p1 is the power component that is intended to be retained on the grid side.

Based on Clarke transformation and instantaneous power theory, this section discusses
a mathematical model of a parallel active filter and clarifies the coupling relationship
between voltage, current, and instantaneous power theory.

3. A PLL-Less Load Current Sensorless Improved PR Control

In order to achieve high-precision compensation of harmonics and reactive compo-
nents of parallel active power filters under complex working conditions, the previous
section discussed the mathematical model and operation mechanism of APF from the
perspective of system structure and instantaneous power theory and clarified the key
role of reference current generation in filtering performance. However, traditional control
strategies generally rely on voltage/current sensors (especially load-side current) and PLLs
for coordinate transformation, which results in complex system structures and limited real-
time and robustness. To overcome the above problems, this paper proposes an improved
PR control strategy, the core feature of which is that no PLL or load-side current sensor is
required, and only the grid-side voltage and current signals are used to achieve dynamic
tracking of reference current and harmonic compensation.

This section will carry out the design and analysis around the core modules of the
strategy, mainly including the calculation method of reference current, the PR controller
structure, and the parameter tuning process based on root locus and frequency domain
analysis methods.

3.1. PLL-Less Load Current Sensorless Strategy

Figure 2 illustrates the reference current generation process based on the instantaneous
power theory [16]. In the proposed method, the grid-side current iy, and grid-side voltage
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egapc are used as inputs to calculate the instantaneous active power p and reactive power g
of the system. The active power p is decomposed into the fundamental active component
p1 and the higher-order active component p;, for n > 2. To extract the component requiring
compensation, a low-pass filter (LPF) is employed to isolate p; from p. Subsequently, p;
is subtracted from the total active power p, and the output p; from the DC bus voltage
controller is added to form the desired active compensation command: p* = p — p; + p,.
Considering that this study aims to minimize reactive power, the reactive compensation
command is set to q = 0. Finally, the compensation reference current i,. is calculated using
the inverse formula of instantaneous power theory, based on the desired power commands
p and g, along with the a components of the grid voltage egg,.

iresf = [P + ]5]] /e;zbc ©)
S i
p=p+).p, PR
LPF Power
calcuation ¢ €
Pt 4 Pa
q, ¢= 0
Current Ly -
calcuation

Figure 2. Reference current generation flow chart based on instantaneous power theory.

This reference current will be used as a tracking target in the subsequent PR controller
to achieve real-time compensation of harmonics and reactive current.

The enhanced harmonic suppression capability of the proposed method is theoretically
supported by the application of instantaneous power theory. Instead of relying on load
current measurements, the method utilizes only grid-side voltage and current to compute
the total instantaneous power. A low-pass filter is then applied to extract the fundamental
active power component, which is used to reconstruct the ideal grid current that should be
delivered. The difference between this ideal reference and the actual grid current inherently
contains harmonic and reactive components, which are subsequently compensated by the
PR controller through closed-loop tracking.

3.2. PR Controller Parameter Design

Furthermore, by eliminating the phase-locked loop (PLL), the proposed strategy
avoids the phase detection delays commonly introduced by synchronous coordinate trans-
formation. Since the control is performed directly in the stationary a5 reference frame, the
system exhibits faster reaction to disturbances and improved robustness under frequency
variations, without additional signal processing overhead.

In APF, the design of the current controller plays a decisive role in the compensation
performance. The PR controller has become the core solution in sinusoidal quantity tracking
because of its infinite gain capability at the resonant frequency. This section will start with
the principle of the classic PR controller and combine Reference [24] to propose a new
PR control that only targets the fundamental frequency AC component to improve the
system’s harmonic suppression capability under dynamic load conditions.

According to References [24-26], the classical PR controller is given in Formula (10),
and its mathematical derivation can be found in more detail in Reference [13]:

Krwgps

Ceos(s) = Kp + -2
cos() P 52+w%

(10)
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Ky is the proportional gain, K; is the resonant gain, and wq = 271f is the resonant
frequency. The gain at the resonant frequency can theoretically be infinite. But a very high
gain tends to reduce the phase margin (PM) and robustness of the system. However, the
gain of the resonant term must be high enough to achieve zero or quasi-zero steady-state
error. Therefore, the quality factor Q is introduced to balance the gain and phase margin at
the resonant frequency. The PR controller can be further written as Formula (11):

Krwgs
s2 4+ (wo/Q)s + w3

C(s) = Kp + (11)

The Q value affects the bandwidth at the resonant frequency. According to Refer-
ence [25], the higher the Q value, the higher the gain at the resonant frequency and the
narrower the passband region near the frequency. A lower Q value will result in a lower
gain, so there will be some steady-state errors. In order to accurately locate the zero point
of the resonant term, K; is introduced in the design to fine-tune the zero point position.
The PR controller can be further written as Formula (12):

Kwps — Klwg
s2 + (wo/Q1)s + W}

C(s) =Kp + (12)

As shown in Figure 3, the traditional PR control method requires configuring and
tuning a dedicated PR controller for each harmonic order—for example, the fifth and
seventh harmonics must be compensated by separate controllers. This results in a complex
control architecture with increased computational burden and the need for additional
hardware, such as PLL modules and load-side current sensors.

PR Controllers

Figure 3. Traditional PR control.

In contrast, the proposed method achieves significant structural simplification. It elim-
inates the PLL and load-side current sensors entirely and uses only a single PR controller
focused on the fundamental frequency. Harmonic compensation is achieved indirectly
through precise tracking of a reference current derived from instantaneous power theory
using grid-side voltage and current signals. This approach not only reduces implementa-
tion complexity and tuning effort, but also improves system robustness, noise immunity;,
and cost efficiency.
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In order to make the controller realizable in actual digital control systems, it needs
to be discretized. Using the forward rectangular method [26], the discrete form of the PR
controller is

Az+B
C(z) = K e S 13
(=) p+22+Cz+D (13)
A = KnwTs, B = —KywoTs — KjwiT?, C = (wo/Q)Ts —2, D =1+ w3iT? — (wo/Q)Ts (14)

Ty (2) .

Ligop)(2)

where T is the sampling period. In this form, the controller maintains high gain at
the frequency wg and has low implementation complexity, which is suitable for control
platforms such as FPGA /DSP.

Considering that the switching behavior of the PWM inverter can be approximated
as a zero-order keeper, its control loop can be modeled as a discrete closed-loop system
including a PR controller, PWM delay, and filter structure. Figure 4 shows the discrete block
diagram of the compensation current control loop based on af axis equivalent modeling.

PR Controller

o K

) \

Proportional term

Discrete Model

€(eap) (5)

(K.oT)(z-1) e (5)

1
zZ+ ((%)T - 2)2 + (1 +o'T’ - (%)Tj Computation Lfs I(gaﬂ) (s)

T G,0)=

Delay

Resonant

Figure 4. A block diagram of the dq0-axis compensation current control loop in the discrete domain.

Through this discrete model, the closed-loop transfer function of the system is con-
structed as Formula (15):

Ky L,
Liapo)(z) T @+ (CH )z + (D= £) )
It g0y (2) A4 (C—1)2+ (K%—SLC+D—C 22

+(%ec+ia-D)z+ (D - ka)

According to Reference [24], the quality factor Q can be set to 10, and the resonant
frequency should be chosen as the fundamental frequency of 50 Hz. Therefore, the primary
parameters to be determined are K, and K;;. The proportional gain K}, plays a critical role
in the transient response, while the resonant gain K;; influences the location of the system’s
zeros, thereby affecting the root locus trajectory. Consequently, the root locus diagram
is plotted based on Formula (15) to guide the selection of appropriate K}, and K;; values.
Figure 5 illustrates the root locus diagrams used to guide the selection of the proportional
gain Kp, and resonant gain K, in the improved PR controller design.

The transfer function shown has two zeros (Zerol and Zero2) and four poles (Polel
to Pole4). The design mainly considers the root locus distribution between Zerol and
Polel [24] to guide the selection of K}, and K;; to ensure that the system is stable and has
good dynamic performance. Analyzing Figure 5a, with K}, = 20 fixed and K;; increased
(from 10 to 1000), the root locus tends to move from left to right. With two zeros fixed, the
poles gradually approach the unit circle boundary (about 0.99) from the left. Too large a
Ki1 (as shown in the figure, K;; = 1000 corresponds to the red cross position) will cause the
poles to be very close to the unit circle, and the system tends to be unstable or overshoot.
Therefore, Ky1 € [10, 100] is more appropriate. At this time, the system responds faster,
the poles are still within the unit circle, and they have a good phase margin. Similarly, we
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analyze Figure 5b, with K;1 = 20 fixed; as K, increases, the poles gradually approach the
unit circle boundary along the curve, the response speed increases, but at the same time the
system stability decreases. The red cross (K}, = 1000) in the figure is already very close to
the unit circle, near the stability boundary, and has a high risk of overshoot. Therefore, K,
€ [10, 100] is more appropriate. At this time, the system responds faster, the poles are still
within the unit circle, and they have a good phase margin.

1Q=10,K;=20, @, =100~z rad/s

zero 1
zero 2

0.02 -

Imaginary Axis
<

-0.01 -

-0.02 -

-0.03 -

0.94 0.95 0.96 0.97 0.98 0.99 1
Real Axis
(a)

T stability
1Q=10K,=20, @, =1007rad/s | boundary

. N

Ky increasing

Imaginary Axis

-0.01

-0.02

-0.03 | I | | ~
0.94 0.95 0.96 0.97 0.98 0.99 1

Real Axis
(b)

Figure 5. Improved PR controller parameter settings: (a) K1 root locus diagram; (b) Ky, root locus diagram.
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This section proposes a design method for an improved PR controller. Based on the
reference current extraction method of the instantaneous power theory of the grid-side
voltage and current, the grid-side current only needs to track the baseband active command
current without configuring a separate controller for each harmonic. Compared with the
traditional method, the proposed method significantly simplifies the controller design
and system structure by using a single PR controller to compensate for all harmonics,
reduces the computational burden, and improves the dynamic response and steady-state
accuracy of the system. Through discrete modeling and root locus analysis, this section
further explores the influence of proportional gain K}, and resonant gain K;; on the pole
distribution and stability of the system and proposes the optimal parameter selection range
of Kp € [10,100] and K;q € [10, 100]. This design method effectively improves the tracking
accuracy and dynamic compensation performance of the reference current and ensures the
stability of the system.

4. Simulation Verification

In order to verify the actual compensation performance of the improved PR controller
proposed in Section 3, this section builds a two-level parallel APF model based on the
MATLAB/Simulink 2022b simulation platform and compares and analyzes the perfor-
mance of the proposed control strategy under steady-state and dynamic conditions. The
controller structure and parameter settings are determined based on the design and root
locus analysis results completed in the previous section. The simulation parameters are a
grid voltage of 380 V rms/50 Hz, a switching frequency of 20 kHz, a sampling frequency
of 20 kHz, an equivalent inductance L of 1 mH, Uy, = 800 V, and nonlinear loads used
uncontrolled diode rectifier bridges.

4.1. Traditional PR Control Simulation Analysis

For comparative verification, this paper reproduces the traditional PR control strategy
based on PLL and coordinate transformation described in [27]. The proposed method trans-
forms the harmonic command current into the dg coordinate system, converting adjacent
odd harmonics into even harmonics, thereby reducing the number of PR controllers. For
example, the third and fifth harmonics are uniformly converted into the fourth harmonic.
Four groups of PR controllers are used in the simulation, corresponding to the 6th, 10th,
14th, and 18th harmonics, respectively, which indirectly suppress the main odd harmonics
(5th to 19th).

Figure 6 shows the simulation waveform of the traditional PR control strategy under
steady-state conditions. When the APF was put into operation at t = 0.1 s, the total
harmonic distortion (THD) of the grid current dropped rapidly from the initial 28% to
4.5%, indicating that the control strategy has good harmonic suppression capability under
steady-state conditions. Figure 6e further provides a spectrum analysis of the grid current,
showing that the main low-order harmonics have been effectively suppressed.

To further verify the dynamic performance of the control strategy, Figure 7 shows the
load being suddenly reduced from 120 () to 60 () at t = 0.2 s to simulate a load mutation.
In Figure 7, at the moment of load mutation, the grid current waveform does not show
obvious overshoot, and the system recovers to a new steady state within about 20 ms,
reflecting good dynamic response characteristics. The THD of the grid current before and
after the mutation is 4.5% and 2.6%, respectively. The spectrum analysis corresponding to
the current after the mutation is shown in Figure 7e, which further verifies the effectiveness
of the control strategy under dynamic conditions.
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However, the traditional PR control strategy needs to design multiple PR controllers
during implementation to compensate for different harmonics. For example, to suppress
harmonics from the 5th to the 19th order, individual PR controllers must be configured for
the 6th, 10th, 14th, and 18th harmonics. This significantly increases system complexity and
computational burden. In addition, the strategy also requires the installation of a current
sensor on the load side to detect the current and the use of a PLL to extract the phase
information of the current. However, the PLL has the characteristic of slow response speed,
especially when the frequency changes suddenly or the system is disturbed; its dynamic
response performance is poor, affecting the overall performance of the system.

4.2. Simulation Analysis of Proposed PR Control Method

In the simulation, the proposed PR controller adopts a single-frequency resonant
structure with the resonant frequency set to 50 Hz. The proportional gain K, is set to 20,
the resonant gain K; to 150, the quality factor Q to 10, and the sampling period Ts to 50 ps.
These parameter settings are based on the root locus analysis presented in Section 3 and are
intended to ensure system stability while achieving satisfactory reference current tracking
and harmonic compensation performance.

Figure 8 shows the simulation waveform of the proposed PR control strategy under
steady-state conditions. After the APF was put into operation at t = 0.1 s, the THD of the
grid current dropped rapidly from the initial 28% to 2.3%, further improving the harmonic
suppression effect compared with the traditional PR control method (4.5%). Figure 8e
further provides a spectrum analysis of the grid current, showing that the main low-order
harmonics have been effectively suppressed

To evaluate the performance of the proposed control strategy under dynamic condi-
tions, Figure 9 shows the load being suddenly reduced from 120 Y to 60 Q att=0.2 s to
simulate a load mutation. As can be seen from Figure 9, the grid current waveform remains
stable at the moment of load mutation, without significant overshoot, and the system
quickly converges to a new steady state within about 15 ms, reflecting that the proposed
control strategy has excellent dynamic response performance. The THD of the grid current
before and after the mutation is 2.3% and 1.8%, respectively. The corresponding spectrum
analysis is shown in Figure 9e, which further verifies the effectiveness of the control strategy
under dynamic conditions.

The proposed PR control strategy simplifies the control structure by eliminating
multiple harmonic-specific PR controllers, the PLL module, and load-side current sensors.
This reduces system complexity and computational burden, enhances dynamic response
and robustness, and allows accurate control using only grid-side measurements—ultimately
lowering hardware cost and easing system maintenance.
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Figure 8. Cont.
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5. Experimental Verification

Based on the completed simulation verification, a 1 kVA two-level parallel APF experi-
mental platform was established, as shown in Figure 10, with detailed system parameters
listed in Table 1. The platform employs the YXSPACE-SP6000 controller and the YXPHM-
MMCEFBO1 series inverter. The three-phase AC voltage source is provided by YXACS15-YZ,
while a rectifier bridge and power resistors are used as nonlinear loads. The DC side utilizes
capacitors to maintain a stable voltage.

Oscilloscope

-

Rec.tlﬁer Inductance Upper Computer
Bridge
Three-phase I
power bridge Controller
Resistive " -
Load

Figure 10. Experimental platform.

Table 1. System parameters for experiment.

Parameter Value
Supply voltage and frequency eg =380 V(rms), f = 50 Hz
Active power filter circuit C= 15L(J)CO:LE)1;,O 2{2; I=_I600 \
Nonlinear load Ry =1200
Sampling frequency fs =20kHz
Switching frequency fow =20 kHz

5.1. Analysis of Traditional PR Control Experiments

Figure 11 shows the current and voltage waveforms of the grid under the traditional
PR control algorithm in a steady state. Figure 11a shows the voltage and current waveforms
of phase A. After the filter is put into operation, the current basically achieves unity power
factor operation, indicating that the controller has a certain steady-state tracking capability.
Figure 11b shows the three-phase grid current. The overall trend is close to sinusoidal, but
obvious high-frequency ripple and asymmetry can be seen, indicating that the proposed
method still has large current fluctuations in the steady state; the THD reaches 6.2%. As
shown in Figure 11c, the current spectrum still contains multiple low-order harmonic
components. This result shows that in the steady state of the grid, the traditional PR control
algorithm can guarantee the power quality to a certain extent.
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To assess transient performance, this study drops the load from 120 Qto 80 Q att=a
to simulate the load mutation. Figure 11d shows that the grid current exhibits no significant
overshoot during the transition, and the waveform stabilizes within approximately one
cycle (20 ms). Although minor fluctuations are present during the transient, the system
successfully returns to steady operation without triggering protective responses. Overall,
the traditional PR control method demonstrates basic compensation capability under
dynamic conditions. However, it requires multiple PR controllers for different harmonics,
a PLL for phase tracking, and load-side current sensors to generate the compensation
reference. These hardware and computational requirements increase the complexity and
reduce the flexibility of the system, especially in fast-changing grid conditions.

In general, the traditional PR control can achieve basic current tracking and harmonic
compensation under steady-state conditions, but there are still problems such as steady-
state error, and the transient response speed can be improved. At the same time, the
proposed method relies on the PLL to extract the current phase and requires the use of a
load-side current sensor, which is not conducive to economic efficiency.

5.2. Analysis of Proposed PR Control Experiment

Figure 12 shows the current and voltage waveforms of the grid under the PR control
algorithm proposed in this paper under steady-state conditions. Figure 12a shows the
grid phase A voltage and grid phase A current. It can be seen that the compensated grid
current operates at unity power factor. Figure 12b shows the three-phase current waveform,
which has good overall symmetry, greatly reduced ripple, and significantly weakened
harmonic components. Figure 12¢ shows the steady-state current FFT, and the THD is
reduced to 4.0%, which is 2.2% lower than the traditional method, verifying the enhanced
harmonic suppression capability. This result shows that under the steady state of the
grid, the proposed improved PR control algorithm can guarantee the power quality to a
certain extent.

To further verify the dynamic performance of the control strategy, this study drops the
load from 120 Q) to 60 ) at t = a to simulate the load mutation. Figure 12d shows the grid
current and load current waveforms of the load mutation under the algorithm proposed in
this paper. At the moment of mutation, the load changes from about 120 () to 80 (). The
current does not overshoot at the moment of disturbance. The response process is smooth
and oscillatory. The current waveform quickly tends to the new steady state, reflecting
the high adaptability and strong robustness of the controller to the mutation conditions,
effectively avoiding the risk of triggering the protection device due to overshoot current in
traditional APF, and significantly improving the operating reliability of the system under
dynamic conditions.

While the traditional PR control achieves basic compensation performance, it requires
multiple harmonic-specific PR controllers, a PLL, and load-side current sensors to realize
real-time control. In contrast, the proposed method eliminates PLL and load-side current
sampling and can achieve precise regulation only through grid-side current closed-loop
control, greatly simplifying the control structure. It does not require multiple sets of har-
monic compensation PR controllers, reducing implementation complexity and computing
resource consumption.
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6. Conclusions

This paper proposes a harmonic compensation strategy without load current sensors
based on instantaneous power and an improved PR controller. The proposed method is val-
idated through both simulation and experimental platforms. Compared with conventional
three-phase two-level APF control strategies, the proposed approach offers the following
features and advantages:

(1) The proposed reference current generation method eliminates the need for load-side
current sensors and relies solely on grid voltage and current measurements. This
avoids the dependence on load-side signals inherent in traditional methods, thereby
reducing sensor count and improving cost efficiency.

(2) A control strategy that operates without a PLL is developed, eliminating the need
for synchronous coordinate transformation. This enhances the system’s robustness
against frequency fluctuations and PLL-related errors.

(3) The proposed parameter tuning approach does not rely on empirical adjustment.
Instead, it is grounded in discrete domain modeling and root locus analysis, offering
a quantifiable and visually guided method for controller design.

(4) The proposed harmonic compensation scheme eliminates the need to design indi-
vidual PR controllers for each harmonic order. By integrating an instantaneous
power theory with a single set of fundamental PR controllers, multi-order harmonic
compensation can be achieved, thereby reducing computational complexity and
resource consumption.
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