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Design of a Power Factor Measurement System for
Nonlinear Load

Md. Rifat Shahriar® - Ui—Pil Chong™*

Abstract

This paper introduces and develops an efficient method for measuring power factor (PF) and its

nature under nonlinear load current situations. The method is based on generating a pulse width

modulated signal whose width correlates to the value of PF. This signal can then be employed as a

feedback signal for controlling PF related power quantities in a system. This method has the

advantages of its simple implementation, less computational complexity, and its allowable error of less

than 4[%], which is justified by the computer simulation results.
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1. Introduction

Accurate measurements of power factors (PF)
under nonlinear load currents merit increased attention
due to the popularity and the growing numbers of
uses for nonlinear loads and power saving devices
in recent decades[1-3]. Acquisition of PF information
1s essential in many applications: power quality
management, calculations of apparent power
requirements and controlling the PF of a load system
are examples. Precise measurements of PF under
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non-sinusoidal environments are needed at this time.

The most conventional approach to measuring PF
is the use of an electromechanical power factor
meter [4] which is only accurate for the sinusoidal
case [5]. A number of analog electronic circuits for
PF measurement are proposed in [6-9]; however,
these systems are incapable of determining lead/lag
discrimination of a PF nature. Another approach to
measuring PF is reported in [10] which is only
developed for sinusoidal cases.

Several techniques and algorithms for true PF
measurement based on Discrete Fourier Transform
(DFT) or its computationally efficient imple-
mentation named Fast Fourier Transform (FFT) are
proposed in [11-14]. They are also followed by the
commercial PF measurement equipment [15].
However, this DFT-based approach may be
erroneous due to aliasing, picket-fence effects, and
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leakage which are analyzed and detailed in [16].
Measurement methods proposed in [17-18] based on
wavelets are claimed to be successful, but their
measurements and computations are considerably
complex and their efficiency is highly dependent on
the type of mother wavelet [19]. The least square
algorithm based measurement method of electrical
quantities is suggested in [19], which stated that
this method is efficient, but that it requires the
processing power of a DSP chip.

In this paper, we have developed a simple and
computationally efficient method for real-time
measurements of PF under nonlinear load current
conditions. A system has been proposed that is
capable of measuring a PF value and its nature from
zero PF lagging through unity PF up to zero PF
leading - contrasted to some of the early systems
proposed in [6-9]. Unlike the commercial equipment
available for this purpose [15], the proposed method
does not require complex computations like those
included in harmonic analysis. Basically, our method
1s based on a mixed-signal analysis approach, which
outputs PF information in the form of a pulse width
of a digital signal. Thus, a simplified implementation
of the method proves its competitiveness with
existing systems while computer simulation results
guarantee its accuracy.

2. Power Factor Definition

Electric utilities generate and distribute nearly
perfect fundamental sinusoidal voltages as reported
in [30]. This fact, considered in [7, 18, 20, 33], is also
verified in [31, 32] by case study and experimental
results. Thus, obtained voltage waveform can be
simply expressed as

v(t)= 2V, .sin(wt). (D

@

Considering the dc component in a steady state
nonlinear load current, it can be expressed as

oo

i) =Ty+i, )+ Y i, (). 2)
n=2
Where Iy is the dc component, 7#() is the
fundamental component and 7,(8) is the component
at the nth harmonic frequency. Equation (2) can also
be expressed as

i(t)= I, + ﬁllsin(wt+01)+ Z Insin(nwt-i-ﬁn).
n=2
3)

Where 1, I, are the rms values and 8, @, are the
phase of load current at the fundamental and the
nth-order harmonic respectively. The average
power P can be expressed as [21-23]

b= %J O'Lp(ﬂdt % J UTv(t%(t)dt =V mslicos (6;)-
)

According to the power triangle [24] apparent
power can be expressed as

S=V, e ®)

Power factor (PF) is generally defined as the ratio
of the Real power (P) to the Apparent power (S)
[21-23, 25].

Vimslicos (6 I
PP — P_ JLycos(6,) __n
S VrmSIrmS Irms

cos(6,) 6)

The ratio of I1 to Ims is known as distortion power
factor which indicates how the harmonic distortion
of a load current decreases the average power
transferred to the load [21].
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Distortion Power Factor =

7
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The cosine of the phase angle between voltage
and current cos(Q) is defined as the displacement
power factor (DPF) [21, 23, 26].

DPF = cos(6,) ®

Therefore, the representation of PF in case of a
nonlinear load current situation is

L
PF = DPF. )

Irms

The definition of PF expressed by (9) [7, 21, 23]
is also known as “True PF” [3].

When the load is linear, load current {¢) becomes
pure sinusoidal and can be expressed as

i(t)= v21sin(wt+6,). (10)

In this case I and ILns become equal.
Consequently, the expression in (9) becomes

PF =DPF = cos(6,). (11

Note that the expression of (11) is appropriate
only for sinusoidal load current conditions.

3. Development and Analysis of
Proposed Scheme

A block diagram of the proposed method for
measuring PF is shown in Fig. 1. Here a current
transformer is used for measuring the nonlinear load
current {5 which is then applied to the input of a
narrow band filter to extract the fundamental
component 7(). Narrow band filters of higher
orders usually consist of cascaded second order

ZW - A7) AN e =] A2578 A11E, 20119 11¥

Md. Rifat Shahriar - Ui-Pil Chong

band pass filters that use the Sallen-Key or the
Multiple Feedback topology. A general transfer
function of a second-order filter is [27]

(12)

Here, the complex frequency variable s = g + j&2
; 0= damping factor, A= the gain at mid frequency
and Q = quality factor.

Quality factor Q is defined as the ratio of the mid
frequency (f) to the bandwidth (B).

f I 1 1

B f,-f, 2,-0, AQ (13)

Q=

f fy
In (19 2,=+ and £,=—-

normalized frequencies at lower and upper —3[db]
points of pass band and A is normalized
bandwidth. Q represents the selectivity of a band

are the

pass filter; a rising Q value results in stepper
frequency response.

Between the two topologies for narrow band
filters mentioned above, Multiple Feedback topology
has advantages over the Sallen-Key due to the fact
that it allows a designer to adjust Q, A, and fn
independently [27].



Design of a Power Factor Measurement System for Nonlinear Load

System Current
Input

L) L[ RMS DG

“|_Converter

Current
transformer

KO} <[ RMS 10 DC
Converter

Band-pass filter

iy

Zero Crossing
Detector

i1 (1)

Active-RC
Filter
Clipper

: Active-RC
i) Filtor
Inverted
Buffer 2

Clock Input

Power Factor
Lag/Lead
indicator Signal Trms
D-Flip Flop

D-Input

Do)

S
Vol(age Input Ll

Putermal Zero Crcssmg
(ransfcrmer Deteclor

Fig. 1. Overview of the designed system for PF
Measurement
A second order active band pass filter

mmplemented by multiple feedback topology is
shown in Fig. 2 which has the following transfer
function.
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Fig. 2. Circuit diagram of Multiple Feedback
band-pass filter (here, C1 = C2 = C)

After comparing coefficients of (14) with that of
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(12) and using (13), the following expressions of
filter design parameters can be obtained.

f o1 [RifRs (15)
m 27TC R1R2R3
A Ry (16)
- Om T 9R,
1
B= TR,C ag)

To attain desired filtering performance, the above
design parameters should be set as f, = 60[Hz], B
= 5[Hz], Am = -1. Choosing capacitor value C1 = C2
= C = 100[nF] in the circuit diagram of Fig. 2, and
using (15)~(18), values of resistors can be
determined as R1 = 316[k®], R2 = 638[k<], and R3
= 1.106[k<].

Output of this band—pass filter 71(9 is a pure sine
wave of fundamental frequency (60[Hz]) which is
phase shifted by 180[°] with respect to the original
fundamental component contained in #2.

1(2) is then fed to a Zero Crossing Detector (ZCD)
input/output

whose  circuit diagram — and

characteristics are displayed in Fig. 3.

"o ir0

Fig. 3. Circuit diagram with input output waveform
of the Zero Crossing Detector (ZCD)

Output 7,(?) obtained from ZCD is further passed
through a clipper circuit to get a unipolar signal

Journal of KIIEE, Vol. 25, No. 11, November 2011



I(0) as illustrated in Fig. 4.

ir(f) in(?)

ir(?) D] RS i(t)

W

Fig. 4. Clipper circuit with input output
characteristics

Pulse wave 17,(9) is connected to the clock input of
a D flipflop through an inverted buffer. This
inversion compensates the 180[°] phase shift that
occurred previously by the band-pass filter.

On the other hand, system voltage, considered to
be containing no harmonic components [20], is
sensed by a potential transformer (PT) (Fig. 1) and
passed through similar ZCD and clipper section as
discussed above. Output of clipper v,(?) is fed to a
D flip—flop as D input through a buffer.

The flip—flop is clocked by current pulse while D
mput 1s fed by voltage pulse which results in
latching the voltage polarity at the current zero
crossing. Output of D flip-flop Dy#) can be
interpreted as follows.

__J1;  PF lagging
Do(t) = {O; PF leading

vi(H) and 1;,(0) are then applied to an AND gate,
and pulse wave A(t) is obtained as an output whose
width is varied with respect to PF. The relationship
between this pulse width modulated (PWM) wave
and PF is demonstrated in Fig. 5.

1 [ 1
ilp(t)

PWM
—t—) Wave p ¢ o A(t)
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Fig. 5. Generation of PWM wave, (a) at
61=0C)(PF=1), (b) at6;=45()(PF=0.7),
(c) at61=90( )(PF=0)

The two signals, Do(?) and A(t), are then fed to
a microcontroller port for further processing and
decision. Inside the microcontroller D(?) is used for
deciding whether PF is leading or lagging, whereas
pulse duration t, as shown in Fig. 5, is calculated in
seconds to determine DPF expressed below.

1
DPF = cos{?wf(m—t)} (19)
Here, f represents frequency of power system
which is considered to be 60[Hz] in the calculation.
Two RMS to DC converters IC are employed in
this design to get I; and s which can be expressed
by (20) and (21) respectively.

I, . .
[, = ﬁ; where I, is the peak value of () (20)

Lms = VIGH I+ 12+ + 12 1)

The ripple contained in the output of RMS to the DC
converter can be reduced by further passing it through
a 2 order active-RC filter shown in Fig. 6 [28].
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Filtered outputs I and I are then applied to the
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Fig. 7. Flow charts for programs. (a) main
program: (b) interrupt service routine
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ADC channels of a microcontroller for A/D
conversion. The digital value that results is used
afterwards for determining PF value according to
expression (9).
A LCD, driven by microcontroller, can display the
real time value of PF as well as its lead/lag nature.
4. Algorithm for PF Measurement

Simplified flowcharts of the mplemented
algorithm are described in Fig. 7. The PWM wave
i1s treated as an external interrupt signal for the
microcontroller. At the rising edge of the PWM
wave an interrupt 1s generated and the main
program branches to the interrupt service routine

Fig. 8. Simulation environment in Proteus ISIS

300

0.0 1 {60 Hz, 0.00dB)

1

00 T o

5.00 50.0

Fig. 9. Frequency response of Multiple Feedback
band-pass filter. (X-axis: frequency in
(Hz), left Y-axis: gain in (dB), right
Y-axis: phase in degree)
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(ISR). The interrupt service routine (Fig. 7b) loads
the Timer to start measurement of pulse duration.
On the falling edge of the PWM wave the Timer is
stopped and the timer register is read. This timing
data along with ADC channels” readings is used for
Lead/lag
discrimination is obtained by the input state of

calculating a true power factor.

5. Simulation Results and
Performance Analysis

The design and simulation of the proposed method
are performed by Proteus ISIS which uses the
SPICE3f5 analogue simulator kernel with a fast
event—driven digital simulator to provide seamless
mixed-mode simulation [29]. It has the ability to
simulate interaction between software running on a
microcontroller and any analog or digital electronics
comected to it. Fig. 8 shows the simulation
environment in Proteus ISIS.

Frequency response (Fig. 9) of the nuiltiple
feedback band-pass filter confirms its effectiveness
in  elimmnating all the harmonic components
contained in the distorted current wave.

Waveforms obtained by simulation for a test case
(THD=113.12[%] and ##) containing odd harmonics
up to 33" order) is illustrated in Fig. 10 where the
signal labels correspond to that of Fig. 1. Here,
Total Harmonic Distortion (THD) is defined as [7,
21, 22, 25]

I R
%THD = f‘s % 100 (22)
1

where I 1s the rms value of the fundamental
component and Igs 1s the rms value of the total

harmonic component.
Simulation is performed for different values of
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THD and harmonic contents. The values of PF that
were obtained are then compared to the theoretical
ones and a percentage of errors is calculated.
Simulation results, as shown in Table 1, justify the
effectiveness of the proposed method for measuring
PF and its nature under nonlinear load current

()

0 )

ir(0)

Fig. 10. Simulated output for THD = 113.12(%)
while /# contained odd harmonics up to
33" order. (a) System voltage v(#), load
current /A(# and output of band-pass
filter /4(d, (b) output of ZCD /1(#) and
clipper /75(#), (c¢) CLK and D input of D
flip-flop, (d) PWM wave A(#) and
lead/lag indicator signal Do(#)
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Table 1: Comparison of theoretical and simulation results(Ly=PF leading: Ly=PF lagging, T=theoretical)

THD Iy Peak value Harmonics in Example waveform PF PF %Error
(%) (A) of 7;(t) (A) i(t) (Theoretical) (Simulation)
0.9639L, 0.9695L, 058
50 0.8642L¢ 0.8684Lg 048
640 0.05 10 7 0.7056L 0.7235L 253
1h ' 0.4990Lq 0516Lq 341
For PF = 0.7056L,(T) 0.1733L, 0.1782L, 283
0.9413L, 0.9475L, 0.66
50 0.8152Lq 0.8207Ly 0.68
35.76 0.1 5 7 ' 0.6636L 0.6677L, 0.32
1" 0.4706L, 0.4877L, 363
For PF = 04706L,(T) 0.1634Ly 0.1684L, 303
‘ 0.6694Ly 0.6853Lg 237
31 e 0.6002L 0.6101L, 165
104 0.01 255 5 . i 0.4900Lq 0.4842L¢ 119
7 : . . 0.3465L 0.333L 39
For PF = 0.6694L(T) 0.1794L, 0.175L, 243
0.5612L, 0.5691L, 142
3¢ ' 0.5031Lq 0.5039Lq 0.16
1401 0.002 2.8 5 _ 0.4108L, 0.3999L 265
7 0.2905Lq 0.2889Lg 054
For PF = 0.1504L,(T) 0.1504L, 0.1453L 337
0.8745L, 0.8322L, 0.83
545 | 001 10 3% to 19" EEEsEES 0.7602L, 0.7761L, 2.9
(odd ones only) g e 0.6207L 0.6379L 277
EE j 0.4389L, 0.455L, 367
For PF = 0.2272L«(T) 0.2272L, 0.2196Ly 334
0.4564L, 0.4566L, 0.04
19401 0.01 5 3% to 19" WD A o 0.3968L, 0.3963L, 0.12
(0dd ones only) EREGAEE 0.3240L, 0.3301L 1.89
For PF = 02091L,(T) 0.2291L, 0.2375L 363
_ | 0.6598L 0.6677L, 12
11312 0.01 5 39 to 33¢ e e 05736L 05712L, 042
(odd ones only) ik = 0.4683L, 0.4714L, 0.66
Sesiimml 0.3312Lg 0.3304L, 0.23
For PF = 0.1714L4(T) 0.1714L4 0.1662L4 3.05
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condition with less than 4[%] error.

6. Conclusion

The proposed method for measuring power factor
(PF) and its nature under nonlinear load current
situation appears to be efficient, simple, and cost
effective. Its accuracy was confirmed by simulation.
The method is competitive with methods followed
by commercially available equipment for the same
purpose.

This method has the ability to measure PF under
both sinusoidal and non-sinusoidal —situations.
Hence, it can be utilized for monitoring and control
of PF and other related power parameters in a large
electrical system

Our future research will focus on hardware
implementation of the proposed design. We plan to
evaluate its performance in situations where we
have to deal with issues like current and potential
transformer saturation, input saturation of RMS to
DC converter IC, and accurate generations of
current harmonics and precise implementations of
band-pass filters.

The authors would like to thank Ministry of
Knowledge Economy and Ulsan Metropolitan
City which partly supported this research
through  the Network-based  Automation
Research Center (NARC) at University of
Ulsan.
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