This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TPEL.2014.2376983, | EEE Transactions on Power Electronics

TPEL-Reg-2014-05-0725.R1

Self-Reconfiguration Property of a Mixed Signal
Controller for Improving Power Quality
Compensation during Light Loading

Man-Chung Wong, Senior Member, IEEE, Yan-Zheng Yang, Chi-Seng Lam, Member, IEEE ,
Wai-Hei Choi, Ning-Yi Dai, Member, IEEE, Yajie Wu, Chi-Kong Wong, Member, IEEE, Sai-Weng Sin,
Senior Member, IEEE, U-Fat Chio, Seng-Pan U, Senior Member, IEEE, R. P. Martins, Fellow, Member,

IEEE

Abstract—This paper proposes a FPAA-FPGA/DSP-based
mixed signal controller that achieves superior performance when
compared with conventional digital controllers in power quality
compensation. This includes adaptive signal conditioning and
programmability  on-the-fly, higher flexibility, parallel
computation capability, and easy implementation. In practical
applications, the power quality compensator may suffer from
poor compensation performance, particularly during light
loading. The adaptive signal gain and programmable on-the-fly
functions of the mixed signal controller are intended to improve
the system compensation performance, which cannot be achieved
by using conventional digital controllers alone. In this study, an
Approximate Total Harmonic Distortion (ATHD) is proposed, to
determine the total harmonic distortion (THD) value more
quickly, reducing the evaluation time of the power quality
compensation system performance. With hysteresis pulse width
modulations (PWM), when the hysteresis error margin is
designed, the ATHD can be determined instantaneously, using
instantaneous power theory. Finally, representative simulation
and experimental results of a three-phase four-wire center-split
hybrid active power filter (HAPF) are presented. These verify the
validity and effectiveness of the proposed mixed-signal controller
in improving current quality compensation performance during
light load conditions, compared with a conventional digital
controller.

Index Terms—Converters, Power Conditioning, Power Quality,
Power System Harmonics, Reactive Power
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I. INTRODUCTION

I N modern electric appliances, the loads are normally
non-linear, inductive, and unbalanced, which can cause
power quality issues. These can increase transmission losses,
but are also harmful to electrical and electronic devices,
affecting reliability, safety, and lifecycles. Power quality
compensators have developed from capacitive banks (CBs),
passive power filters (PPFs), and active power filters (APFs)
into hybrid active power filters (HAPFs) to address these
problems. Moreover, the development trend changes from
static operations into dynamic responses, according to the
change of system loading. Different control strategies have
been proposed and developed; for example, from periodical
root mean square (rms) values into instantaneous active and
reactive power (pq) theories, from 2 dimensional into 3
dimensional pulse width modulations (PWMs), and from time
domain hysteresis controls into space vector domain
modulations. These algorithms have been proposed to improve
the compensation performance of power quality compensators,
by increasing response speed and reducing the total harmonic
distortion (THD). The existing power quality compensators
usually execute the compensation control algorithm using a
digital controller. In this study, we propose to combine the
control algorithm with the advantages of adaptive controller
hardware supported by a mixed signal controller, to achieve
better compensation performance. This cannot be achieved by
using a digital controller alone. Currently, when compensator
performance does not satisfy international standards, other
PWDMs can be selected, or the dc link voltage can be increased.
However, it may be the case that neither of these methods will
improve compensator performance during light loading due to
the low resolution of the input signals compared with the error
signal and the PWM error margin. The design of digital
controllers is usually based on a full loading situation. The full
analog-to-digital (A/D) conversion input signal range of a
digital controller is therefore utilized, to avoid analog signal
saturation. In a light load situation, the digital controller may
suffer from the problem of low resolution, which significantly
affects its compensation performance. There is presently no
achievable control strategy to deal with power quality
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compensation issues during light loading.

Table I summarizes the comparison and development
timeline of traditional analog controllers, programmable logic
controllers (PLC), microprocessors, digital signal processors
(DSP), field programmable gate arrays (FPGA), and field
programmable analog arrays (FPAA) [1]-[13]. The DSP/FPGA
is shown to have superior performance with high computational
ability and complexity, while FPAAs show remarkable
improvements in analog-related factors, such as better
bandwidth, higher accuracy, on-the-fly programmability, and
easy implementation. Recently, FPGAs have become more
popular controllers than DSPs, due to their parallelism
properties and easy implementation [7]. However, the use of
digital controllers alone is not sufficient to further improve
system performance, such as the adaptive signal conditioning
and on-the-fly programmability discussed here.

TABLEI
COMPARISON OF DIFFERENT CONTROLLERS [1]-[13]

Analog PLC Micro DSP FPGA
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+++
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Based on the literature review, papers [14]-[18] are related
to mixed signal controller researches. The reference [14]
focuses on control redundancy, with dynamic reconfiguration
for system failure, and self-healing properties for safety
concerns. In [15], the mixed-signal controller combines three
control loops: an analog nonlinear current loop, a digital linear
voltage loop, and a digital frequency loop, to eliminate the
sampling delay associated with conventional digital controllers
and improve the transient response performance, whereas the
fast nonlinear loop is built with simple analog hardware. In [16],
the operation of the flyback-transformer-based buck converter
is governed by a modified mixed-signal controller, which
provides minimum voltage deviation and seamless transitions
between the modes. However, the mixed signal controllers in
[15] and [16] do not address the advantages of using both
analog and digital signal processing. In [17], a mixed-signal
fixed frequency voltage-mode controller for dc—dc converters
is  proposed, where the derivative part of a
proportional-integral-derivative (PID) regulator is maintained
in the analog domain. Finally, the derivative action of the PID
controller is inherently obtained by a combination of the analog

front-end and the hard-wired digital logic, reducing sampling
effects and control delays. This feature enables high dynamic
performance, improving the bandwidth limitation of a
conventional digital control solution. The development of
alternative digital (or mixed-signal) control architectures
potentially enables simpler control architecture and faster
dynamic response. In [18], a combined FPAA-FPGA/DSP
platform is discussed, focusing on rapid prototyping and the
need for stringent time-to-market constraints. In summary, the
applications of the mixed signal controller at present are
primarily for:

1)reducing the computation burden through a digital
controller,

2)enhancing the parallelism property to increase the
dynamic response, and

3)reducing the development time to market.

Several special features can be achieved by using a
FPAA-FPGA/DSP mixed signal controller:

® Adaptive signal conditioning and programmability

on-the-fly
® Parallelism properties and higher redundancy
® Higher accuracy, higher bandwidth, faster response time,
and low power
® Algorithm complexity and simplicity of implementation

In this study, a FPAA-FPGA/DSP mixed signal controller
for power quality compensation will be designed, and it is
proposed that it will enhance compensator performance, which
cannot be achieved by using either analog or digital controllers
alone. This implies that the utilization of an integrated solution
using both analog and digital controllers is advantageous. In
section II, the architecture of the proposed mixed signal
controller will be presented. Based on this, certain
characteristics of the mixed signal controller will be verified,
using a three-phase four-wire HAPF system, in the subsequent
sections. The main goal of this study is to apply the
self-reconfiguration control strategy to improve compensator
performance, based on the benefits of the mixed signal
controller and the proposed Approximate THD (ATHD) index,
in which the ATHD is deduced. This is discussed in section IIL.
The simulation and experimental verification of the
improvements in the compensation performance of the
proposed mixed controller application for a HAPF are
presented in section IV. The conclusions are given in section V.

II. PROPOSED MIXED SIGNAL CONTROLLER ARCHITECTURE

To achieve the advantages of using analog and/or digital
controllers, a mixed signal controller for power quality
compensator is proposed in Fig. 1. The FPAA and FPGA are
combined with an analog-to-digital converter (ADC), in which
the input signals for the FPAA are analog signals from the
power system and the power quality compensator. The output
digital signals of the FPGA/DSP are PWM trigger signals,
which control the switching devices of the power quality
compensator.

The FPAA can be operated as an adaptive signal
conditioning unit that pre-conditions and filters, according to
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the optimization of system performance. The modified signals
then pass to the digital unit for further processing, assisted by
the ADC. The digital system, FPGA/DSP, can work with a
“backer” sub-program to optimize the system operation by
reconfiguring the control system automatically, or to carry out
self-testing and self-repairing tasks. When it is necessary to
reconfigure the analog part, the re-programming data can be
transferred directly through the digital path to the FPAA.
Conversely, the FPAA can also send out control signals to the
FPGA to modify the algorithm for protection, critical
operations, etc. Finally, the mixed signal controller can send
out digital signals for control purposes, as shown in Fig. 1.

Mixed Signal Controller
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Fig. 1. Proposed mixed signal controller.

The study focuses on the advantages of the mixed signal
controller and highlights its superior performance for power
quality compensation, compared with conventional digital
controllers, in terms of its self-testing, self-repairing, and
self-healing capabilities. The FPAA system used is the
Anadigm third generation AN231E04 development board [19],
and for the FPGA system, the Altera DE2-115 development
board [20] is used. In the next section, an approximate THD
(ATHD) index for real-time performance evaluation is
proposed and discussed. This evaluates whether the power
quality compensation performance meets the requirement. If
not, self-reconfiguration of the mixed signal controller will be
carried out to improve system compensation performance.
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Fig. 2. Configuration of a three-phase four-wire HAPF.

III. PROPOSED APPROXIMATE THD INDEX FOR REAL TIME
PERFORMANCE EVALUATION AND ITS CONTROL

A three-phase four-wire HAPF (power quality compensator)
system [21]-[23] is shown in Fig. 2. The subscript “x” denotes
phase a, b, ¢ and n. v, is the system voltage, isy, i1y, and i,
are the system, load, and inverter currents for each phase,
respectively. Based on this circuit, the self-reconfiguration
control strategy for improving power quality compensator
performance is illustrated as follows.

A. Approximate THD Index

The total harmonic distortion (THD) of a signal is a
measurement of the harmonic distortion, and is defined in (1) as
the ratio of the sum of all harmonic components to the
fundamental component. THD is used as an index to evaluate
whether its power quality is acceptable or not. However, the
fundamental frequency current and its related harmonic
components are defined and computed under rms values. It
takes at least a period cycle of time to sample data for
computation; for example, a 50 Hz system needs 0.02 seconds.
In this section, an approximate THD index is proposed to have
a fast determination of compensator performance, and to
improve its performance during light loading, which cannot be
implemented by a state-of-the-art digital controller alone.

tl - Vdc

Fig. 3. Hysteresis PWM control method

SR IR
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Fig. 3 shows the hysteresis current control of a voltage
source PWM inverter [24], in which the sinusoidal reference
current i, is compared with the actual current, i., . When the
actual current is greater (less) than the reference current by a
hysteresis band (HB) value, the inverter leg is switched on or
off accordingly. Therefore, the hysteresis band (HB) specifies
the maximum current ripple.

By superposition, the actual current can be decomposed into
a sinusoidal current and an irregular triangular current
waveform. An irregular triangular waveform is given in Fig.
4(a), in which the rate of change of current at any moment
should be different, due to its different voltage amplitude at
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different times. Therefore, the triangular waveforms are
actually not symmetrical.

-HB

P ><3>§< >< >
T To Tz Ty4
(b)

Fig.4. Current error waveforms by hysteresis PWM: (a) Actual error
waveform, (b) approximate error waveform.

Referring to (1), the ratio of the sum of all harmonic current
components to the fundamental current component can be
considered as the ratio of the rms value of the irregular
triangular waveform, as shown in Fig. 4(a), to the fundamental
sinusoidal waveform. However, by taking an approximation,
the regular triangular waveform, as shown in Fig. 4(b), is
chosen instead of the irregular one. Fig. 4(b) shows that each
period of the triangular waveform is different. Correspondingly,
the rms value of a regular triangular waveform is given in (2).
The rms value is shown to be independent of the period of the
triangular waveform. Finally, the proposed Approximate THD
(ATHD) Index can be defined as (3).

1 (T[8HB yoo 1 2 HB
I, = \[Ffo [n_zZn:1 (;Cosnwt)] dt = = 2)
HB
ATHD = i 3)

According to the instantaneous power theory [25], the
instantaneous fundamental active current peak value can be
calculated by (4). It should be noted that (4) can be used when
the three-phase voltage source is balanced and sinusoidal.
However, unbalanced and non-sinusoidal voltage is out of this
study’s scope. More detail concerning the required
compensation current under unbalanced and non-sinusoidal
voltage can be computed by the method given in [28]. The
ATHD is calculated during compensation, and as a result the

fundamental reactive component is not considered in
computing the ATHD value. The calculated ATHD would
otherwise be smaller when the fundamental reactive current is
included. In (3), I; is an rms value that has /2 difference with

its peak value (I,), which can be calculated instantaneously,
using the instantaneous power theory [25].

; 2Y2p
"5l @)

, where ||A]| = \/vZ + vZ + vZ and

_ 1,7, o 1T . . .
p=;f0v-1dt=;f0(va-1a+vb-1b+vc-15)dt.

Then, finally
ATHD = 228 5)
31
ATHD is defined as (5), a fast evaluation index of
compensation performance instead of THD, in which the HB of
the ATHD can be determined according to hysteresis PWM, or

the compensation error of space vector modulation.

B. THD and ATHD

A comparison between THD and ATHD is performed under
two categories: with and without switching power quality
compensations. The ATHD is an approximated method to
evaluate the power quality compensator’s performance during
compensation. When there is no switching power quality
compensator, the ATHD cannot be used to reflect the THD, as
there is no HB or error margin value for the ATHD computation.
Here, capacitor banks and passive power filters can perform
steady compensation, with conventional THD as the
performance evaluation index. The ATHD cannot be used
under these circumstances.

When switching power quality compensators such as active
power filters and hybrid active power filters are used, the
proposed ATHD can be used to evaluate the power quality
compensation performance. When the HB or error margin at a
particular instant can be determined, the ATHD can be
calculated using the instantaneous power theory [25].

Table II shows the simulated THD and ATHD values with
respect to the different fundamental current peak I, in per unit
(pu), and HB in pu at sampling frequency =5KHz, and system
frequency = 50Hz. For example, when I;, = 0.5 and HB = 0.1,
its simulated THD is 16.08% and its ATHD is 16.33%.

Table III shows the simulated absolute percentage error of
ATHD compared with THD through equation (6). However,
the ATHD index is estimated, to evaluate the compensation
performance instantaneously. The absolute percentage error
range of ATHD is shown to be from 0.06% to 14.5%, and its
average percentage error is 3.44%.

Taking the IEEE Standard [27] with TDD (Total Demand
Distortion) for light rated loading (I,/I;>1000), and the Hong
Kong Power Quality Standard [29] into consideration, at worst
case the nominal rate current is assumed to be equal to the
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TABLE II
THD AND ATHD WiTH I, AND HB VARIATIONS RESPECTIVELY IN PER UNIT (PU)
HB (pu) L, (pu)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.1 THD (%) 82.39 41.95 27.14 20.25 16.08 14.10 11.48 10.08 8.99 8.170
ATHD (%) 81.65 40.82 2722 20.41 16.33 13.61 11.66 10.21 9.07 8.165
0.2 THD (%) 161.3 84.02 52.25 40.53 33.94 27.71 23.39 19.25 18.21 15.58
ATHD (%) 163.3 81.65 5443 40.82 32.66 27.22 23.33 20.41 18.14 16.33
0.3 THD (%) 220.8 126.8 87.51 60.48 46.32 39.50 36.43 30.90 27.32 23.35
ATHD (%) 244.9 122.5 81.65 61.24 48.99 40.82 34.99 30.62 27.22 24.49
0.4 THD (%) 324.6 162.7 120.0 85.70 64.13 52.56 46.87 39.87 34.85 33.24
ATHD (%) 326.6 163.3 108.9 81.65 65.32 54.43 46.66 40.82 36.29 32.66
0.5 THD (%) 416.4 221.5 119.4 103.5 79.23 69.22 60.97 50.14 42.63 40.59
ATHD (%) 408.2 204.1 136.1 102.1 81.65 68.04 58.32 51.03 45.36 40.82
0.6 THD (%) 550.6 250.0 166.3 124.3 91.52 81.49 67.66 59.36 53.84 48.67
ATHD (%) 489.9 244.9 163.3 122.5 97.98 81.65 69.99 61.24 54.43 48.99
0.7 THD (%) 561.8 276.2 203.8 124.8 119.4 105.1 80.54 67.53 62.84 57.06
ATHD (%) 571.5 285.8 190.5 142.9 114.3 95.26 81.65 71.44 63.51 57.15
0.8 THD (%) 664.9 320.5 231.4 167.0 135.7 110.8 92.66 82.21 70.87 63.86
ATHD (%) 653.2 326.6 217.7 163.3 130.6 108.9 93.31 81.65 72.58 65.32
0.9 THD (%) 775.4 375.7 259.4 166.6 155.6 117.3 114.2 92.36 80.30 71.26
ATHD (%) 734.8 367.4 244.9 183.7 147.0 122.5 105.0 91.86 81.65 73.48
1.0 THD (%) 801.9 361.2 268.5 201.7 167.8 147.7 114.3 107.3 93.43 84.48
ATHD (%) 816.5 408.2 272.2 204.1 163.3 136.1 116.6 102.1 90.72 81.65
TABLE III
ABSOLUTE % ERROR OF ATHD
HB (pu) I, (pw)
A A
Verage Sarun 0.1 02 03 04 05 | 06 | 07 | 08 | 09 | 1.0
01 | Aump (%) | 090 | 269 | 029 | 079 | 155 | 348 | 157 | 129 | 089 | 0.6
02 | Aump (%) | 124 | 282 | 417 | 072 | 377 | 177 | 026 | 603 | 038 | 481
03 | A (%) | 1091 | 339 | 670 | 126 | 5.76 | 334 | 395 | 091 | 037 | 488
04 | Aump (%) | 062 | 037 | 925 | 473 | 1.86 | 356 | 045 | 238 | 413 | 1.74
05 | Aump (%) | 197 | 786 | 1399 | 135 | 305 | 170 | 435 | 178 | 640 | 057
06 | A (%) | 1102 | 204 | 1.80 | 145 | 7.06 | 020 | 344 | 317 | 1.10 | 0.66
07 | A (%) | 173 | 348 | 653 | 1450 | 427 | 936 | 138 | 579 | 1.07 | 0.16
08 | Aump (%) | 176 | 190 | 592 | 222 | 376 | 171 | 070 | 068 | 241 | 229
09 | Aump (%) | 524 | 221 | 559 | 1026 | 553 | 443 | 806 | 054 | 1.68 | 3.12
10 | Agmn (%) | 182 | 1301 | 138 | 1.19 | 2.68 | 785 | 201 | 485 | 290 | 335

fundamental load current, with the result that THD = TDD.
This study therefore focuses on a THD close to or below 20%.
In Tables II and III, THD values which are close to or below
20% are highlighted in grey. The average percentage error of
ATHD within 20% THD is 2.089%.

To keep within the safety margin, it is suggested that an
ATHD at 16% is chosen when THD at 20% is the compensation

target, to include this average percentage error of ATHD.
However, the simulated results are estimated values and it
should be noted that the values will be different in other
circumstances.

_ |THD—ATHD
- THD

| x 100% ©)

|AATHD|
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Fig. 5. Simulated current waveform when I;,=1.6A, HB=0.1A, THD=4.92%,
ATHD=5.1%, |Ayryp| =3.72%.
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Fig. 6. Simulated current waveform when I,,=0.5A, HB=0.1A,
THD=16.08%, ATHD=16.33%, |Ayrpp| =1.55%.

Several simulated current waveforms are given in Fig. 5,6, 7,
and 8 at THD =5%, 16%, 68%, and 124%, respectively. Fig. 5
shows the waveform at THD= 5% with |Agryp| = 3.72%
corresponding to I;;=1.6A and HB=0.1A. Fig. 6 shows the
waveform at THD=16%  with |Ayrmp| = 1.55%
corresponding to I;;=0.5A and HB=0.1A. Fig. 7 shows the
waveform at THD=68% with average |Ajrup| = 3.44%
corresponding to I;;=0.7A and HB=0.6A. Fig. 8 shows the
waveform at THD=124% with the largest |Ayryp| = 14.5%
corresponding to I;,=0.4A and HB=0.7A.

At THD = 16%, based on Table II, the hysteresis error band
HB should be set as one-fifth of the fundamental amplitude.
Furthermore, a parameter K = I, /HB is defined as a ratio of
the fundamental rms current amplitude to the hysteresis error
band value. When K is increased, the compensated current
ripple relatively decreases. Taking the system parameters listed
in Table IV under 50% loading compensation, Fig. 9 shows the
simulated THD and calculated ATHD with respect to different
K, and the difference between them is seen to be small. The
THD standard of 20% is selected, as discussed, while the
ATHD of 16% for the percentage error and safety margin
considerations is selected. Fig. 9 shows that K is near to 3.8 at
ATHD=16%. In Table II, this is the case with I;,=0.5A,
HB=0.1A, THD=16.08%, in which I, is the fundamental
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Time s
Fig.7. Simulated current waveform when I1,,=0.7A, HB=0.6A, THD=67.56%,
ATHD=69.99%, |Ayryp| =3.44%.

0.026 0.03 0.035 004

oML il

| f
-0.5p

-1

Current A

I

I
111

Time, s

Fig. 8. Simulated current waveform when I,,=0.4A, HB=0.7A,
THD=124.8%, ATHD=142.9%, |Ayrpp| =14.5%.
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current peak value. This means that the HB value or error
margin of the hysteresis PWM control should not be less than
0.26 times the fundamental rms current amplitude. Otherwise,
no matter how fast the power electronics switching device, the
compensation performance of the power quality compensator
will not be acceptable.

THD/ATHD comparison
70

.
L\
N\

——THD
—@— ATHD

THD/ATHD
8
o

K=1y/HB
Fig. 9. THD versus ATHD.

An ATHD can be used to estimate the power quality
compensation system performance, rapidly determining the
THD value. The advantages of using an ATHD over THD are
as follows:

® [t can simplify the computation without computation of
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the frequency spectrum;

® The ATHD value can be obtained in real time;

® Hardware implementation of ATHD can be easily
obtained.

The ATHD is, however, an approximated performance index,
unlike THD. It can only be calculated when the HB or error
margin at a certain instant can be determined. An ATHD is
suitable to be used with APF and HAPF for power quality
compensation. Nevertheless, the dc-link voltage of the power
quality compensators should be sufficient to successfully
perform compensation [21], [22].

C. Self-Reconfiguration Control Strategy for Improving
Power Quality Compensator Performance

In a traditional power quality compensating system, the
system rating design is usually based on the defined nominal
values (full loading consideration). In practical operations, the
system loading varies over time. The loading may be full or
light. During a full loading situation, the system performance
can be guaranteed, due to the nominal design. However, during
a light loading situation, the power quality compensator
performance cannot usually reach the standard requirement
[27], [29]. The mixed signal controller proposed in this study
has self-reconfiguration capabilities, which cannot be achieved
using only a digital controller. The self-reconfiguration control
strategy for improving power quality compensator performance
is given as follows.

Using a simplified three-phase instantaneous pq theory [26],
the reference compensating current for a HAPF shown in Fig. 2
can be determined by (6).

o _ 1 14 = . 12 — . 12 —
lex = (lLa - U_vaa) ng + (lLb - Fva)nb + (ch - FULC) ne (6)

, where {n,, n,,n.} is the space basis in the a-b-c coordinate,
D =Viglig + Viplip + Viclipc and P is the average value of
instantaneous power p.

From Fig. 2, the actual i, should be the same as its reference
iy, (i3=l.,) under perfect compensation. The source current,
composed of load and compensator currents, is defined by (7).
By hysteresis PWM, the current error should be within the HB.
As a result, (7) can be rewritten as (8).

o = lpx +lox = syt @)
loy1 = ipy + i + HB (8)

Considering the digital control system, the resolution of HB
is limited by the available bits (B) of the analog-to-digital
converter (ADC), and the amplitude width (W) of the input
signal. The minimum HB value can be given as:

w

HBpin = 2B+1 ©

This minimum HB cannot be further reduced due to the
hardware limitations of the controller; this implies that the
digital controller compensation performance may not be

acceptable during a light load condition, particularly when the
ATHD or the THD is around 16% and K=3.8, as shown in Fig.
9. From (8) and (10), when the amplitude of HB is relatively
near to the amplitude of i, and i, , the compensation
performance is not acceptable. This is because the HB,,;,
cannot be further reduced, and a parameter gain G is attached to
K. Finally, as G is an amplification gain, the K value can move
to a larger value. The THD and the ATHD can therefore be
improved.

(10)

Fig. 10 shows a control block diagram for the proposed
mixed signal controller. The gain G can be adjusted according
to (11), where INT is an integer function that takes out all the
fraction parts, W is the measured width (range) of the ADC, and
R is the peak-to-peak input signal range for a given period, such
as one minute or several hours, to avoid system fluctuation
during operations. The G is calculated by a digital controller
such as DSP or FPGA, and then sent to FPAA for gain
modification. During light loading, G can be an integer number
larger than 1. To avoid analog signal saturation, a saturation
detection function can be implemented in FPAA. G=1 when
saturation occurs.

| FPGA and DSP |
_i | (Digital Control)

[~ 7 ean
|(Analog Control) |

Inst. PQ Vi Reference
Computation 7 Current
| Input Fundamental
| Saturation | Signal Current
Dectection anue
| | Range Tsr
L |

ATID

G-INT(W/R)

Fig. 10. Control block diagram for proposed mixed signal controller.

Finally, the compensation error can be limited by (12).
Bigrror = HBpn = G - igy — G iy (12)

When the ATHD =16% and G = 1, K= 3.8. According to (10)
and Fig. 9, when the ATHD =20%, G = 2, K is approximately 6.
The ATHD and the THD can then be lowered to around 10%.
The Gain G can be seen to improve the compensation
performance under the hysteresis PWM, without changing the
coupling inductance and capacitance.

D. System Implementation and Communication

Fig. 11 shows the system implementation based on FPAAs
and FPGA/DSP. FPGA/DSP is used for the digital parts and
FPAA for the analog parts.

The basic idea of the self-reconfiguration characteristic is
that a FPGA-based high-speed control logic block and a
FPAA-based analog module are used to adjust the gain
automatically and rapidly. Two FPAAs and one FPGA are used
in the implementation. The FPAAs are under the control of the
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FPAA FPGA/DSP
Input signal Re- Algorithm PWM signal

configuration

Control logic

RSTL  SCLK  SI - CS2h

W | |

A

RSTh  SCLK  SI  CS2b

Re-
configuration

FPAA

Fig. 11. Configuration connections between FPAAs and FPGA/DSP.

FPGA, and the inherent reconfigurable properties of FPAAs
allow the analog modules to be dynamically reconfigured
through a serial interface. In the system initialization, voltage
and current signals are detected and amplified by the FPAA,
digitized through an AD converter, and fed into the FPGA for
further processing. The gain of the Gain Limiter is controlled
by the FPGA. The output voltage limit is 3V, which is the
maximum input voltage for the ADC. If the input signal
amplified by the gain is saturated, the FPGA will reset the gain
G to 1. Through various computations and comparisons, the
corresponding gain value G for the FPGA will be obtained.

Rcconfigure
ADC period
Sampling 25 KH;
period \—\ - l |—
Reconfigure period
Lnable Vs ' ! ! Ve RSTb
resel ——/— P | | -/
i - I 1 7
Enable / Lo | | | [ /
reconfigure. 7 ™ | /7 CS2b
1 T T
o | i

I
! i

A A | J .
Data_out “///;; /_jf/“ 3 Gd‘ind‘ﬁta \_7/%7/# SI

p
CLK out —4z|

| Gain data

H
11111111111 i111i1:1;1;1;0

SCLK

FPGA FPAA

Fig. 12. Gain = 2, data streams between FPGA and FPAA.

The configuration clock of FPAA and FPGA is 20 MHz. In
the configuration process, shown in Fig. 12, every gain value
needs 11 bytes of control logic data, defined by the
configuration protocol in the FPAA. Each byte has one 8-bit
address, which in total needs t; (s) to completely transmit. The
AD sampling frequency of the whole controller is 25 kHz, so

the controller outputs obtained in this period is 1/25 kHz (40 ps).

In total, the control loop, including the AD conversion, pq
theory, PWM techniques, and feedback loop, can be completed
in one ADC sample period. Moreover, t;, as given in (13), is

much smaller than one ADC sampling cycle, which means the
compensation control algorithm will not be affected by the
on-the-fly FPA A reconfiguration.

1
20x106

1
25x103

t; =11x8x =44x107%s « =4x105s (13)

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the proposed mixed signal controller, for
improving power quality compensator performance, will be
verified by simulation and experiments. This is compared with
a conventional digital controller, in which a three-phase
four-wire HAPF system, shown in Fig. 2, is chosen as the
testing power quality compensator. Table IV lists the simulated
and experimental system parameters for the HAPF with
different loadings. Table V summarizes the power quality
parameters for different testing loads before compensation.

To show the advantage of the proposed mixed signal
controller, four sets of loading parameters are chosen. To
ensure the focus is on the ATHD and the mixed signal
controller strategy, the simulated and experimental three-phase
loadings are approximately balanced, shown in Fig. 2.

TABLE IV
SIMULATED AND EXPERIMENTAL PARAMETERS
FOR THE HAPF SYSTEM
System parameters Physical values
Source Vi L 110V, ImH
X 'S
Passive part L., C. 10mH, 40pF
20% Testing Load
Non-linear recuﬁer load Livse: Russ. 35mH, 1690,
(Inductor, resistor, C 373uF
capacitor) NLx v
50% Testing Load
Non-linear recuﬂer load s Rupes 35mH. 550,
(Inductor, resistor, C 3730F
capacitor) NLx u
70% Testing Load
Non-linear recuﬂer load Ly Rupes 35mH. 550,
(Inductor, resistor, C 3730F
capacitor) NLx v
Linear load
(Inductor, resistor) Lix, Rix OmH, 100Q
90% Testing Load
Non-linear recuﬂer load Luss Rues 35mH. 550,
(Inductor, resistor, C 3730F
capacitor) NLx v
Linear load
(Inductor, resistor) Lix, Rix OmH, 50Q

Simulation studies were carried out using PSCAD/EMTDC.
Fig. 13 shows the simulated system voltages and currents
before compensation. When 50% loading is connected, the
three-phase simulated THD; of system current are 39.3%,
38.3%, and 37.1%, with power factors (PF) = 0.83, 0.82, and
0.82, respectively. When 90% loading is connected (loading
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Fig. 15. Three-phase experimental system currents before compensation during: (a) 20% loading, (b) 50% loading, (c) 70% loading and (b) 90% loading.
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Fig. 16. Compensated three-phase experimental system currents by using the conventional digital controller during:
(a) 20% loading, (b) 50% loading, (c) 70% loading and (d) 90% loading.
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Fig. 17. Compensated three-phase experimental system currents by using the proposed mixed signal controller during:
(a) 20% loading, (b) 50% loading, (c) 70% loading and (d) 90% loading.
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Fig. 18. Dynamic compensation performance during loading changes by using:
(a) conventional digital controller and (b) proposed mixed signal controller.

TABLE V
EXPERIMENTAL RESULTS OF USING CONVENTIONAL AND PROPOSED CONTROLLERS

Before After compensation
compensation Conventional controller Proposed controller
Different Isx THD Iox THD;« Iex THD;

ases | @ |l ew @ | TN e | @ | T @
20% A 1.09 0.81 52.5 1.38 091 20.7 1.33 0.94 139
load B 1.08 0.81 51.9 1.46 0.93 21.1 1.38 0.94 158
C 1.07 0.81 53.3 1.50 0.90 22.1 1.38 0.93 15.0

50% A 251 0.80 35.6 2.18 0.98 17.6 2.09 0.99 108
load B 247 0.80 355 2.16 0.98 17.1 2.13 0.99 11.9
C 251 0.80 344 2.18 0.98 18.7 2.11 0.99 10.5

70% A 359 0.90 23.7 3.26 1.0 6.3 3.25 1.0 5.7
load B 349 0.90 23.7 3.30 0.99 7.7 3.28 1.0 6.1
C 342 0.90 244 3.28 0.99 7.5 3.27 0.99 6.4

90% A 455 0.95 17.6 447 1.0 5.9 4.39 1.0 5.6
load B 447 0.95 174 441 1.0 7.1 4.39 1.0 6.7
C 4.64 0.95 16.6 4.57 1.0 7.8 4.50 1.0 7.5
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changes), the three-phase simulated THD;__ are 20.8%, 20.3%,
and 19.6%, with PF=0.95, 0.95, and 0.95, respectively. Before
compensation, the simulated THD;  cannot satisfy the
THD; <20% requirement during both 50% and 90% loading
conditions.

Fig. 14 shows the simulated system voltages and currents
after HAPF compensation. After compensation, the simulated

THD;_, satisfies the THD;  <20% requirement during both

50% and 90% loading conditions. Moreover, the PF are
improved to unity. In the PSCAD simulation, the signal
resolution is infinite, as there is no AD conversion process, and
the simulation process is not affected by EMI noise. Therefore
the HAPF compensation performance is satisfactory no matter
whether the loading is light or full.

However, for the hardware experimental case, the signal
resolution will greatly affect the HAPF compensation
performance. Fig. 15 shows three-phase experimental system
currents before compensation during 20%, 50%, 70%, and 90%
loading conditions. Figs. 16 and 17 show the corresponding

three-phase experimental system currents after HAPF
controller and the proposed mixed signal controller,
respectively.

Comparing Figs. 16 and 17, the proposed mixed signal
controller can provide better compensation performance,
particularly during light loading conditions. For example, the
THD values in phase A are improved from 20.7% to 13.9%,
17.6% to 10.8%, 6.3% to 5.7%, and 5.9 to 5.6, for 20%, 50%,
70%, and 90% of the loading, respectively. Using a

conventional digital controller, the THD;  during 20%

loading cannot satisfy the desired value (THD; <20%),

while the proposed mixed signal controller can. This verifies
the effectiveness of the proposed controller in improving the
HAPF compensation performance. Table V also summarizes
the HAPF experimental compensation results using the
conventional digital controller and the proposed mixed signal
controller during different loading cases.

Fig. 18 shows the dynamic compensation performance
during loading changes using the conventional and the
proposed controllers. The dynamic response time of both
controllers is less than two cycles, which verifies the fast
dynamic response of the proposed controller and the function of
on-the-fly mixed signal reconfiguration.

V. CONCLUSIONS

A mixed signal controller for power quality compensator
improvement  with  adaptive gain and  on-the-fly
programmability, and with a self-reconfiguration property in a
three-phase four-wire HAPF system has been proposed in this
study. It can achieve better performance than a conventional
digital controller. To detect the compensation performance
instantaneously, an Approximate THD (ATHD) index was
deduced. From this, the corresponding gains can be calculated
in the FPGA and transferred by feedback to the FPAA in a
dynamic configuration process. The system implementation
and communication between the analog and the digital
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controllers are discussed. Moreover, the viability and
effectiveness of the proposed mixed signal controller for
three-phase four-wire HAPF have been demonstrated with
experimental results, which exhibit better compensation
performance when compared with conventional digital
controllers during light load conditions.
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