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A novel power factor detector for balanced three-phase non-
sinusoidal loads

Maoh-Chin Jiang
Associate Professor, Department of Electrical Engineering
National I-Lan Institute of Technology

Abstract

A novel power factor detector for three-phase non-sinusoidal load currents is
proposed. It eliminates the disadvantage of conventional detectors, which can measure
only the power factor of linear load. This novel detector fully uses the three-phase
characteristic to achieve instantaneous response while using in the balanced three-phase
linear loads. Therefore, the transient response of the proposed detector is very fast when
compared with that of the conventional detectors. Moreover, the proposed detector
possesses excellent input-to-output steady state performance. Theoretical analysis,
hardware implementation, and some experimental results are also detailed in this
manuscript.
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|. Introduction

The power factor is an important characteristic in research on power quality.
Recently, there has been extensive use of non-linear loads such as ac and dc
servomotors, rectifier sets and electric arc furnaces, al contribute to the pollution in a
power system, severely degrading the power quality. Therefore, rapid and accurate
measurement of the correct power factor of current with large harmonic components
is an important topic in the study of the power quality. Some systems require a power
factor detector with a fast response characteristic to improve their transient
performance. For example, power factor detectors can be used in control loops of
power system, or in active power filters[1-2].

Many techniques have been developed to measure the power factor of the
electronic circuits and power systems. The traditional Ferraris type power factor
meters have the disadvantages of being large and heavy with slow transient response.
Thus, they are not suitable for use in many systems which require rapid transient
response [1-2].

In recent years, digital and analog power factor detectors have been devel oped.
Although, they are inexpensive, their complicated circuit configuration together with
the low-pass filters or integrators used in several circuit structure necessary to realize
the averaged signal function [3-4], limit their use in instantaneous power factor
measurement. The transient response of traditional detectors has been improved [5-7],
but these detectors can not achieve instantaneous response when used in the
three-phase linear loads, and aso they can not accurately measure a system with
non-sinusoidal load currents.

In this paper, a novel power factor detector for balanced three-phase

non-sinusoidal load currents is proposed. The proposed power factor detector can



achieve instantaneous response for balanced three-phase linear loads. In addition, the

proposed detector possesses the following advantages:

(@) Compared with the existing detectors no any low-pass filters or integrators are
used in this new detector.

(b) Itisapplicablefor systems with load current having large harmonic components.

(c) Thisdetector possesses an excellent accuracy up to full scale.

(d) Thereisalarger range of detectable power factor angle, from 0° to 180°.

(e) The proposed detector is independent of phase sequence.

I1. Definition of power factor

Source voltage and load current signals can be expressed by Fourier series,

i.e.
Vs() = 3 V2V, sin(net + ) (1)
(1) =Y N21, sn(nat+ 5,), @

where, dc component in vg(t) and i, (t) has been assumed to be zero.
The definition of real power is the average of the instantaneous product of

voltage vg(t) and current i, (t), that is,

S IRACINOTS €

where, T isthe period of vg(t).

Substitution of equations (1) and (2) into equation (3) yields the following result:

P= ivn I n COS(an _lgn)
= ivn |, cos(6,) (4)
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where, 6, is the phase angle difference between the nth order harmonic component
of vg(t) and i, (t).
Apparent power definition as the total volt-amperes value, i.e. the product of the

rms value of voltage and current,

where, Vims isthe rms value of vg(t) and | ;s iSthe rmsvalue of i, (t).

The definition of power factor is the ratio of real power (P) over apparent

power (S),
PF EE
S
1,7 :
L0l
- Vrmsl rms
|, co(6,)

(6)

A. Balanced three-phase linear load condition
Assuming both source voltages and load currents as balanced three-phase sine
waves, i.e. balanced three-phase linear load condition, then phase voltage and current

can be expressed as,
Vg(t) =2V, sin(wt + & ) 7)

i () =~21,sin(wt +4,) (8)



Substitution of equations (7) and (8) into equation (6) yields the following result:

V| cosé,
F=————=rcosé. 9
A '
171

where, 9, isthe phase angle difference between o1 and 1.

Evidently, the power factor is independent of the amplitude of v(t) and i (t), but it is

dependent on the phase angle between vg(t) and i (t) in cosine.

B. Balanced three-phase nonlinear load condition
If the source voltages are balanced three-phase sine waves and the load currents
are balanced three-phase non-sinusoidal waves, i.e. balanced three-phase nonlinear

load condition, then phase voltage and current can be expressed as,

Vg (t) =2V, sin(wt + ;) (10)
i (1)=> V21, sin(not+4,) (11)
n=1
and,
o V| cosé,
Vll rms
_h cosb), (12)

One can see from equation (12) that, if the load current is balanced three-phase sine
waves i.e. I;m=l1, the result is identical to equation (9). Therefore, it is clear that

equation (12) can be used not only for non-linear loads, but also for linear |oads.

II1. Principle of Operation

Assume the input three-phase voltage as



v, (t) =V, sin(wt) (13)
v, (1) =V, sin(wt—1 2D, (14)

Vv (1) =V sin(ot+1 2P, (15)

where,
Vm: peak voltage,
@ : angular frequency.
First, feed the three-phase ac input voltages vi(t), vu(t) and vq(t) through a
reference sine wave generator, producing reference voltages v (t), Vir(t) and ve(t)
respectively. The peak value of three voltages is unity amplitude (i.e. 1V), and

respectively same phase with v,(t), w(t) and v¢(t), therefore,

v, (t) = sin(wt) (16)
v, (1) = sin(wt-1 2P (17)
v, (t) = sin(ot+1 2P (18)

Alternatively, if three-phase load currents i a(t), iis(t) and ic(t) contain large amounts
of harmonic components, then a band-pass filter is used to eliminate the harmonic
components and only the fundamental component of the three wave pass through.

Then one can obtain,

i () =21 Sin(ot-6,) (19)

i, (1) =21 sin(et-6,-1 2P (20)



i (t)=+/21 sin(wt—6,+1 2P (21)

Multiplying Var(t) by iLai(t), Vir(t) by ipa(t) and v (t) by i c(t), and summing up the
product, gives,

Vol (t) = Var (t)l La :(t) + Vbr (t)l Lb1l (t) + Vcr (t)l Lcl (t)
(22)

= %KI ,€0sé ,
where K is the scaling factor of the multiplier. From equation (22), it can be seen that
Voi(t) is the numerator portion of the PF definition in equation (12). Furthermore, the
denominator portion of PF definition in equation (12) is the rms value of the load

current. When the load current is balanced in three-phase, any phase load current can

be used for passing through an rms-to-dc converter, one can get,

Vor (1) = 1 (23)
and then passing the vp;(t) and vg(t) through a divider, yields,

Va(t)  3KK;I gosé

Vo (t) = v, (t) = \/E Irms

(24)

where K; isthe scaling factor of the divider. From the above equation, one can see the
output voltage vo(t) is the power factor value of source voltage and load current after
appropriate adjustment of the scaling factor of multiplier and divider. Fig. 1 shows the

block diagram of the basic principle of the proposed detector.

|V. Har dwar e | mplementation

The prototype hardware circuit of the three-phase power factor detector is

implemented as shown in Fig. 2 in order to avoid the measurement error resulting
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from voltage fluctuation in the three-phase source. Thus, the voltage signal va(t), vi(t)
and v¢(t) of the three-phase source passes through the reference sine wave generation
circuit to produce a three-phase sine wave reference signal which has the same phase
as Vy(t), W(t) and vq(t) but the peak voltage constantly at unity amplitude (i.e. 1V).
Therefore, a sine wave generation circuit is used to generate the reference signal
required for calculation. In addition, the reference sine wave generation circuits make
the output independent of the input voltage fluctuation. The reference sine wave
generation circuit is composed of a comparator, 60Hz band pass filter and scale

amplifier, and its output is sent to the pin X1 of each multiplier (AD 534).

On the other hand, the load currents ipa(t), in(t) and i((t) are fed into an
inverting amplifier and 60Hz band pass filter to obtain the fundamental components of
the three-phase load currents, and the fundamental components of the load currents
are connected to the pin Y1 of each multiplier (AD 534). Finaly, the output of the
three sets multipliers are added together and the scaling factors are properly selected.
Hence, one can get the product of rms value of the fundamental components of the
load current, 11, and the displacement power factor, cosé;,. Then, one can obtain a dc
voltage to represent 1,cosé;. Alternatively, any phase load current in balanced
three-phase system can be fed into an rms-to-dc converter (AD 536), to obtain the rms
value |;ms of the non-linear load current. Finaly, the 1,cosé, and |;ms are connected to
pin Z2 and X1 of a divider (AD 534), respectively, in order to obtain a dc output
voltage, Vo(t) representing the power factor between the input source voltages and

load currents.

V. Experimental results

In order to confirm the feasibility and performance of the proposed power



factor detector, a prototype was constructed as shown in Fig. 2, where the most
commonly used operation amplifier (LM 741), the analogue multiplier and divider
(AD 534), and the rms-to-dc converter (AD 536) are used. The output power factor is

amplified tenfold in scale to facilitate the observation of output results.

A. Steady-state performance

For the source voltage vs(t) and the load current i (t) shown in Figs. 3(a) and
(b), the vg(t) and i(t) are both sine wave and differ by 45° in phase. From Fig. 3(c), it
can be observed that the output power factor value is extremely close to itsideal value
of 7.07V. Secondly, Figs. 4(a) and (b) indicate that the source voltage v4t) and the
load current i (t) are also both sine wave, with the phase difference of the waveforms
being 90°. Fig. 4(c) shows that its power factor value is extremely close to its idea
value of OV. From the above results, it is apparent that the proposed power factor
detector can accurately measure the power factor in linear load.

In addition, to confirm whether the proposed power factor detector can
accurately measure the power factor in non-linear load or not, a load current signa
with alarge amount of 3rd order harmonic components is used as shown in Fig. 5(b).
Fig. 5(c) indicates the waveform of load current signal passing the band-passed filter,
clearly shows that only the fundamental component passed. Fig. 5(d) shows the
obtained power factor value as—-5.87V.

Fig. 6 shows a typical result of the input-to-output characteristic of the
proposed power factor detector. The source frequency is 60 Hz, and the phase
difference between the source voltage vs(t) and the load current i (t) is varied from 0°
up to the full scale of 180°. The solid line represents the theoretical results, and the
star points are the measured results. From Fig. 6 it can be seen that the error between

the theoretical and experimental value is not very significant. The error sources are



mainly due to the limited accuracy of the analogue multiplier and the divider (AD
534), and the rms-to-dc converter (AD 536), as well as the nonzero offset voltage of
the operation amplifier. From the above results, it is seen that the proposed power

factor detector can indeed measure the power factor in linear and/or nonlinear |oads.

B. Transient response

It is known that the settling time of conventional power factor detectors
implemented by second-order Butterworth low-pass filters may last up to 20 ms. The
proposed detector is able to achieve an almost instantaneous response for balanced
three-phase sinusoidal load currents. Figs. 7~9 indicate some transient responses for
different step power factor angle changes, namely 60°> 120°->160°, 135°>45°->135°,
and 150°->30°->150°, respectively. From Figs. 7~9, it can be observed that the
proposed detector can achieve almost instantaneous response. Hence, its transient

response is superior to the conventional detectors.

VI. Conclusions

In this paper, a fast power factor detector for three-phase non-sinusoidal load
currents is proposed. The proposed detector improves the drawback of the
conventional detectors that can only measure the power factor of linear loads. This
novel detector is able to achieve an instantaneous response for balanced three-phase
linear loads. Therefore, its transient response is superior to the conventional detectors.
Because of its promising accuracy and excellent transient response performance, it
can be used to improve the system transient performance in many systems such as the

control of power systems, active power filters, etc.
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Figure captions

Figure 1 Basic principle of the proposed three-phase power factor detector.

Figure 2 Circuit diagram of the prototype detector.

Figure 3 Steady-state experimental results for the proposed detector where the source
voltage v,(t) and load current i 4(t) are both pure sine wave, differing 45° in
phase.

Figure 4 Steady-state experimental results for the proposed detector where the source
voltage v4(t) and load current i 4(t) are both pure sine wave, differing 90° in
phase.

Figure 5 Steady-state experimental results for the proposed detector where the source
voltage v,(t) is pure sine wave and load current i 5(t) with alarge amount of
3" order harmonic components.

Figure 6 Input-to-output characteristic of the proposed power factor detector.

Figure 7 Transient response of the proposed detector for step power factor angle
change from 60°-> 120°-> 60°.

Figure 8 Transient response of the proposed detector for step power factor angle

change from 135°>45°-> 135°.

Figure 9 Transient response of the proposed detector for step power factor angle

change from 150°-> 30°-> 150°.
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Figure 1 Basic principle of the proposed three-phase power factor detector.

Figure 2 Circuit diagram of the prototype detector.
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Figure 3 Steady-state experimental results for the proposed detector where the source
voltage v,(t) and load current i 4(t) are both pure sine wave, differing 45° in
phase.

Figure 4 Steady-state experimental results for the proposed detector where the source
voltage v,(t) and load current i_4(t) are both pure sine wave, differing 90° in
phase.
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Figure 5 Steady-state experimental results for the proposed detector where the source
voltage vu(t) is pure sine wave and load current i 4(t) with alarge amount of
3 order harmonic components.
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Figure 6 Input-to-output characteristic of the proposed power factor detector.

Figure 7 Transient response of the proposed detector for step power factor angle
change from 60°-> 120°->60°.
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Figure 8 Transient response of the proposed detector for step power factor angle
change from 135°>45°->135°.,

Figure 9 Transient response of the proposed detector for step power factor angle
change from 150°-> 30°-> 150°.
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