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Abstract. The harmonic detection method based on p — g — r defines the instanta-
neous power of zero-order current under the new spatial coordinate system, which
can eliminate the midline current independently. This paper introduces the prin-
ciple of the detection method and puts forward the p — g — » method of harmonic
detection without voltage sensors. The capacitive midpoint active filter is mod-
eled and simulated to prove that when the voltage of the grid is unbalanced and
distorted, the method based on p — g — r do not require a voltage sensor to accu-
rately carry out harmonic detection and fully compensate for the current harmonic
components.
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1 Introduction

The three-phase four-wire (TF) active filter mainly has a four-leg or capacitive midpoint
topology [1]. The four-leg structure has a group of bridge arms more than the capacitive
midpoint structure, which is designed to compensate for the midline current, and the
compensation effect is better [2]. The small number of switching devices used in the
capacitor midpoint has attracted much attention in the small and medium capacity system
[3-5], and the medium-line compensation and control strategy for the structure has been
the focus of research [6, 7].

The i, — i; method based on instantaneous reactive power theory usually introduces
a zero-axis decomposition current perpendicular to p, g planes, resulting in only active
components in the zero-order component, which conflicts with the usual power under-
standing [6, 8]. The p — ¢ — r method decomposes the voltage and current space vectors
under the p, g, r space coordinate system, defines the active and reactive power of the
zero-order components under the TF system, and the various power definitions coincide
with the traditional power definitions, while the three power components are completely
independent of each other and can be flexibly compensated without the need for energy
storage components [3, 9-11]. The effect of midline compensation is improved and the
application of the midpoint structure of the capacitor is promoted.
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2 Detection Principle of p-q-r

Under the condition of three-phase grid voltage asymmetry, the grid voltage under the
a-b-c plane coordinate system is transformed to the three-phase orthogonal «-8-0 spatial
coordinate system.

From the Fig. 1

egz,/eg+e%+e(2) (1)
esa = /€2 + ¢} @

Voltage synthesis vector eg is a spatial quantity whose projection on the a-f plane is
esq. Fixed the 0-axis in Fig. 1 (a) to rotate the & — B coordinate system counterclockwise
angle 0 so that the axis « coincides with ey to obtain axis o . The axis 8 also rotates 6
angle to get the g axis, as shown in Fig. 1 (b). Fix the axis ¢, rotate the 0 — azg coordinate
system counterclockwise ¢ so that the axis ay coincides with the axis eg to get the
axis p and axis r, where the axis ¢ is perpendicular to the p — g — r plane, as shown in
Fig. 1(c).

After two coordinate rotations, the spatial « — 8 —0 coordinate system is transformed
into a spatial p — g — r coordinate system, transforming matrix A as Eq. (3). After the
three-phase current is transformed by matrix A, there is a current componentonp —g—r
the shaft, such as formula (4). Obviously, in the new spatial coordinate system, the grid
voltage space vector is directed to the axis p, and the axis g and axis r do not have a
voltage component, so the axis p is an active current axis, the axis ¢, r is a reactive
current axis.

1 [ e ey eg
A= —| 0 —esep/eqq eseq/esa 3)
€sd —e€0€u/esd —eoep/esd |

ep ) ip )
eq | =Aley |, | ig | =A] ia (@Y)
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As can be seen in Fig. 1 (c), the components of the midline current on the axis p
and axis r reflect the distribution of the active and reactive components of the midline
current. To fully compensate for the midline current, the midline current components on
the shaft p and axis r should be offset, i.e.

i = —iptan(fy) = ——>, )
€ap

The current on the p, g shaft is filtered through a low pass, and the resulting DC
component corresponds to each phase-based wave component. Therefore, in the three-

phase, four-wire harmonic compensation system, the compensation instructions for each
axis should be:
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(a) The @ — f — 0 coordinate system

(c) The p — g — r coordinate system

Fig. 1. The formation of a spatial p — ¢ — r coordinate system



362 L. Delu et al.

The current on the p, g shaft is filtered through a low pass, and the resulting DC
component corresponds to each phase-based wave component. Therefore, in the three-
phase, four-wire harmonic compensation system, the compensation instructions for each
axis should be:

ipc = ipac

iqc = iqac (6)
. e ;
e =1 + eap Ipdc

In formula (6), ipac is the active current AC component and iy, is the active cur-
rent DC component. When the system compensates for reactiveness, according to the
advantages of the p — g — r method, the g shaft and shaft r current full compensation
can completely compensate for reactive.

Under the condition of grid voltage symmetry, ep = O in the « — 8 — 0 coordinate
system eg and egq coincide in Fig. 1(a). In the spatial p — ¢ — r coordinate system at this
time, the axis r and the axis O coincide, and to compensate for the midline current, the
axis’s compensation instruction is i, = i.

3 Harmonic Detection Without Voltage Sensor

In the case of system voltage distortion and imbalance, the p — g — r detection method
discussed earlier is not able to accurately detect harmonic current.

The following describes the improved p — g — r detection method without the need
for voltage sensors and locking rings, which can detect each phase harmonic and midline
current in the case of the grid is not ideal and achieve full compensation.

When the voltage is distorted, the symmetrical three-phase grid voltage is:

n=1

eq = Z \/ZE,Z sin(nwt + 9}1)
n=1

ep =Y. V2E, sin[n(wt - 27”) + 0,] @
n=1

o0

ec=y. V2E, sin[n(wt + 2?”) + 6,]

Where E,,, 6, are the valid value of each voltage and the initial phase angle is 6; = 0.
The coordinates are transformed and brought in formula (3) in the event of voltage
distortion. Transform the three-phase current iy, ip, ic to get iy, ig, i, into formula (4),
there is:

ip = (eaia +egig + Eoio)/ep ®)
g = (Eaiﬂ — eﬁia)/eaﬂ

Since ey, eg, eg all contain 3k harmonics, so that the DC components of i, and i, also
contain higher secondary harmonics. After the low-pass filterand C~ A~ transformation,
ip and i, are no longer the fundamental current components of each phase. When the
voltage distortion is large, the detection error produced by the p — g — r method is large.
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The core of the p — g — r detection method is that E), in the transformation matrix
should represent the positive sequence component of the grid voltage when the vector
coordinate transformation is performed. Considering that the point can replace the actual
result of power grid voltage detection with a three-phase frequency sine unit vector under
the environment of grid voltage distortion, the distortion asymmetric current expression
is

n=1

> Lap sin(nwt + 60,,)
n=1

io
l."‘ - > Iy sin(nwt + 6py,) ®)
7] n=1

37 Ien sin(nwt + 6,y,)

In the formula, I, denotes the effective value of a-phase n-th harmonic current,
04, denotes the initial phase angle of a-phase n-th harmonic current. The improved A
transform can be obtained (Fig. 2):

n=1 n=1
ip = /372 3 I1n cosl(nw — wi)t + 01, — 4 =372 3 L cosl(nw +wi)t + 02, + ¢i|
n=1 n=1 (10)
ig =+/3/2 Y I1pcos[(nw — wi)t + 61, — ¢:| +/3/2 > Iy, cos[(nw + w)t + 62, + ¢i|

In the case of a small system voltage frequency offset, given that the unit voltage
is distributed according to the three-phase frequency sine, then only the base wave
component will be included in the DC component of i, iy,

io Ipdc 111 sin(wt + 611)
iy | =C7'A  gae | = | L sin(wt —27/3 +611) |a (11)
l';g iy 111 sin(wt + 27 /3 + 611)
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Fig. 2. The improved p-q-r method of detection
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4 Simulation Analysis

The iy — iy — ip method is the classical i, — i; method in the TF system expansion, The
difference between it and the p — g —r method is more reasonably divided from the active
and reactive components in the midline current. Both have their own improved models
to cope with voltage distortion and asymmetry when the grid voltage is not idealized.
Here is the p — ¢ — r method and its improved type as the main research object. The
simulation model is established by MATLAB. Figure 3 shows i, — i; — ip method and
the simulation model of p — ¢ — r method is shown in Fig. 4.
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Fig. 3. i, — iy — ip simulation model
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Fig. 4. p — g — r simulation model

4.1 Detection and Analysis of the Ideal Voltage of the Power Grid

The nonlinear load in the simulation is a three-phase non-controlled rectifier bridge, the
DC side is connected with two 4 2 resistors, the middle line is drawn from the midpoint
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Fig. 5. Voltage and load current without distortion of the supply voltage

of the DC side, and the inductance of the AC side of the DC bridge is connected by
0.2 mH.

When the grid voltage is free of distortion, the voltage and current of the load are
shown in Fig. 5, which shows that the load current is severely distorted and unbalanced,
containing a large number of 6k &+ 1 harmonic.

ip — iq — ip Detection method.

p — q — r Detection method.

The positive sequence current of the load fundamental detected by i, — i, —ip method
and the harmonic current to be compensated are shown in Fig. 6. The positive sequence
current of the load fundamental detected by p — ¢ — r and the harmonic current to be
compensated are shown in Fig. 7.
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Fig. 6. Results of the i — iy — ip detection method when the supply voltage is free of distortion

The positive current of the load base wave detected by the i, — i, — ip method and the
harmonic current to be compensated are shown in Fig. 6. The positive sequential current
of the load base wave detected by p — g — r and the harmonic current to be compensated
are shown in Fig. 7. The spectrum analysis of the positive current of the base wave
captured by the two detection algorithms shows that the distortion rate of the positive
sequential current of the a-phase-based wave detected by the i, — i, — ip method is 1.58%,
and the distortion rate of the positive-order current of the a-phase-based wave detected
by the p — g — r method is 1.50%, which shows that under the ideal condition of the
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Fig. 7. Results of the p — ¢ — r detection method when the supply voltage is free of distortion.

power grid voltage, both the i, — i, — ip method and the p — g — r method can accurately
detect the positive current of the base wave, and the effect is not much different.
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4.2 Detection and Analysis in the Case of Grid Voltage Imbalance

The input AC voltage fundamental wave effective value E,;; = E,; =220V, Ep; =
150 V, and the voltage third harmonic effective value Ex3 = 30 V. The load is still a
three-phase uncontrolled rectifier bridge, and the middle line is drawn from the DC side.
Figure 8 shows the grid voltage and load current waveforms.

400 # # # # ‘

u/v

B A KNG/ e S P N ST R A
Y — Mo — - S S
-400 I I I I I
0 0.01 0.02 0.03 0.04 0.05 0.06
t/s

(a) Distortion voltage

iIA

0.03
t/s
(b) Load current

Fig. 8. Distortion voltage and load current waveforms when grid voltage is unbalanced.

In the case of grid voltage imbalance, the improved p — g — r method uses unit
sine signal instead of the real-time grid voltage detected by the voltage sensor, and
the resulting a-phase and b-phase-based wave spectrum is shown in Fig. 9(b) and (c),
which can detect harmonic currents in real-time. Figure 10 is the application of p —g —r
harmonic detection method to compensate for the front and rear waveforms of the midline
current, indicating that the method is good for the midline current compensation effect.
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Fig. 9. The results of the p — ¢ — r detection method when the voltage of the power grid is
unbalanced.
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Fig. 10. The midline current compensates for the front and rear waveforms

5 Conclusion

This paper mainly introduces the basic principle of p — g — r harmonic detection method
under the TF system, and puts forward the p — g — r harmonic detection method of
voltage-free sensor. Simulation proves that the improved p — g — r detection method
does not require a voltage sensor, and the positive sequence components and harmonic
components of the current-based wave of the grid can still be correctly detected in
the case of uneven grid voltage. The capacitor midpoint active power filter uses the har-
monic detection method to compensate the midline current well, which greatly simplifies
the engineering difficulty and cost, and promotes the popularization and application of
capacitive structure active power filter.
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