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Abstract — This paper presents a comparative analysis between
synchronizing circuits applied to control algorithms for single-
phase active converters. One of these synchronizing circuits
corresponds to the single-phase PLL (Phase Locked Loop),
implemented in a-p coordinates, whereas the other one
corresponds to the E-PLL (Enhanced PLL). These
synchronizing circuits are compared in several aspects as
processing and settling time and memory space requirements.
Moreover, the performance of a single-phase back-to-back
converter is also presented, with its control algorithm based on
these Synchronizing Circuits. Each one of the control algorithms
were implemented in a DSP microprocessor TMS320F2812F
from Texas Instruments. Simulation and experimental results,
through a back-to-back converter prototype, are presented.

I INTRODUCTION

The proliferation of nonlinear loads in residences, offices
and industries has contributed to increase the harmonic
pollution observed in the power grid. Moreover, the harmonic
current-components consumed by these nonlinear loads
results in harmonic voltage-drop on the supply line
impedances, which deteriorates the waveform of the voltages
delivered to the load [1]. There are also other events as
voltage sags or voltage swells that are resulted, respectively,
from connection or disconnection of large loads [2] [3]. All of
these events are the most responsible ones for the observed
problems in sensitive loads as improperly shut down, reduced
lifetime, malfunction, and so others.

Power quality problems can be overcome, in real time,
through the utilization of “Custom Power” devices. In this
paper a back-to-back converter is used, which is composed by
two power converters that are connected in series and in shunt
with the power grid. The shunt converter consists in an active
rectifier that injects or absorbs energy from the power grid, in
order to keep the dc-link voltage regulated. The series
converter is responsible to compensate the major power
quality problems related with the system voltages, such that
the voltage delivered to the load remain regulated and with
low harmonic distortion.

To control these converters, control algorithms based on
the instantaneous power theory (p — g Theory) are applied [4]
together with a synchronizing circuit. The synchronizing
circuit is responsible to produce, in real time, sinusoids that
are synchronized with the fundamental component of the
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system voltage. Thus it can be observed its importance, since
the voltage produced by the series converter depends,
directly, on the generated sinusoid by the synchronizing
circuit.

Due to the importance of the synchronizing circuit, this
paper investigates two different topologies. The first one
corresponds to the single-phase PLL (Phase - Locked - Loop)
[4][5]116]1[7][8], implemented in a-B coordinates, whereas
the other one corresponds to the E-PLL (Enhanced PLL)
[91[10] [11].

The comparison involving these PLL topologies is focused
in processing and settling time and memory space
requirements. Both controllers where implemented in a DSP
microprocessor TMS320F2812F from Texas Instruments.
Being a real time processing system, computing speed and
memory usage, as well as the settling time are important
issues. These characteristics must be enhanced; moreover,
they most provide compensated voltages that comprises with
the power quality standards [12]. Simulation and
experimental results, through a back-to-back converter
prototype, are presented.

IL HARDWARE CONFIGURATION

As aforementioned in this paper and indicated in Fig. 1, the
back-to-back converter is composed by two power converters
that are connected in series and in shunt with the power grid.
A step-down transformer (5 kVA — 230 V//115 V) is used to
provide galvanic isolation between the power converters and
the power grid. Another step-down transformer, with the
same characteristics, is used to connect the shunt converter
with the power grid. The series converter is directly
connected with the power grid.

Each one of the single-phase power converters is composed
by two branches (4 IGBTs with anti-parallel diodes) from
model Semikron SKM-50GB063D [13]. The IGBTs of this
power module present as main features a collector-emitter
voltage of 600 V and a collector current of 50 A (peak value).

The dc-link is composed by three 4700 pF capacitors
connected in series, which corresponds to an equivalent
capacitor of, approximately, 1566.67 uF. Each one of these
capacitors presents a dc-voltage rating of 450 V.

The RLC coupling filter of the series converter is
composed by a 15 Q resistor (Rs), an 8.8 uF capacitor (C),
and an air-core inductor of 0.6 mH (L¢). The RLC filter of the
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shunt converter is comprehended by a 0.6 mH inductor (L),
an 4 Q resistor (R¢,), and an 2.2 pF capacitor (Css).

The nonlinear load consists of a single-phase diode
rectifier, with a RC Load on the dc-side (C pc =4,7 mF and
Roc =25 Q). To smooth the current waveform, it is used a
3 mH inductor (L;). There is also a linear load, connected in
shunt with the nonlinear load, composed by a 30Q resistor
(Ry) and a 650 pH inductor (L,).

A diode rectifier, similar to the nonlinear load, is used to
increase the harmonic distortion of the supply voltage. This
rectifier is located between the transformer, connected in
series with the power grid, and the series converter.

A soft-start circuit was implemented to suppress the lack of
electric isolation of a coupling transformer that is present in
the majority of series converters [13]. It also acts as a
protection system to overloads and short-circuits. Moreover,
contactors are employed to connect the shunt (C;) and series
(C4, Cs, C) power converters, as well as to connect the loads
with the electrical system (C;, Cy).

The supply voltage is represented in Fig. 1 as being vs, and
the load voltage is v;. The produced voltage by the series
converter is represented as Veomp. The load and source currents
are represented as i, and is, respectively. The controlled
current (iry) 1s produced by the shunt converter in order to
regulate the DC link voltage.

I11. CONTROLLER OF THE BACK-TO-BACK CONVERTER

As introduced in section I the controller of the back-to-
back converter is constituted by control algorithms to
determine the reference signals to be produced by the power
converters, plus switching algorithms to command the
IGBTs. The control algorithms to determine the reference
signals are comprehended by a synchronizing circuit, an
algorithm to determine the compensating currents and an
algorithm to determine the compensating voltages. In Fig. 2 is
shown a block diagram that represents the control algorithms
to determine the reference signals. The control algorithms
denominated in Fig. 2 as “Current-Reference Algorithm” and

978-1-4244-4649-0/09/$25.00 ©2009 IEEE

“Voltage-Reference Algorithm” are based on the concepts
involving the instantaneous power theory (p — g Theory) with
some simplifications. Hereafter, these control algorithms are
described, and, in sequence, the investigated synchronizing
circuits are introduced.

A.  Current-Reference Algorithm

Since there are no power sources on the dc side of the
power converter, a controller that keeps the dc-link voltage
regulated has to be implemented. It is worth to notice that,
with only this control algorithm, the shunt converter does not
provide active filtering. In this case, the shunt converter can
be considered as an active rectifier. Based on the dc-link
voltage (vpc), the control signal pg,, is determined as
described as follows:

i dc

Preg :(VRef _VDC)'(kpidc +T) (1)

The control signal pge, can be understood as an amount of
energy, per time unit, that is drained or injected by the shunt
converter in order to keep the dc-link voltage regulated. As
indicated in (1), the control signal vge corresponds to the

Current-Reference
Algorithm

Poll, 1ol

' Synchronizing
| Circuit

; ' yoll, ol

Delay ISﬂ
90°

@

Fig.2. General control scheme of the algorithms that determine the
reference signals.

I Ref

Vdc P—

Voltage-Reference

Algorithm Ref
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reference value of the dc-link voltage, and the control signals
Blege and Blpge represent, respectively, to the proportional and
integral gains of the PI-Controller.

In sequence, the mathematical methodology to determine
the reference signal iges is described. Since this algorithm is
based on the p—gq Theory, consider that is necessary to
determine the reference signals in af coordinates (igefa, irefp)
as described as follows:

l.Refzz _ 1 . p”a pllﬁ . pReg (2)
Inerap | pllg+plly | plly = pll, 0 ’

where, the signals pll, and plls are generated by the
synchronizing circuit. For now, it is assumed that these
signals are sinusoidal waveforms, with unitary amplitude, and
are in phase with the fundamental frequency of the control

signals vs, and vsp, respectively. After some simplifications in
equation (2), igeme and ipesmp are given by:

plla 'pReg

= =pll,-
p”;_"_p”; p a pReg [l

lRef Ba

A3)
pllﬂ 'pReg

= pll -
pliz +pi2 T Pre

Ine rop =
Indeed, since the control signals pll, and plls are sinusoids
with unitary amplitude and pll, leads [O[Ipllg it can be
assumed that the sum of their square values is equal to one.
Based on the Clarke Transformation [13][14] and
assuming a “fictitious” three-phase three-wire system, the
control signal /gy is given by:
] 1 0
lRef B iRe foa
0 |=y5:|-12 V3/2 | l_ . (4)
0 —1/2-A/3/2| L/

As it can be observed in (4), iges is only associated with
irefme- Combining (3) and (4) the reference signal iger can be
determined in a very simple way as described as follows:

. 2
lpey = \E‘plla .pReg : ®)

Based on the aforementioned el planation, it can be noted
that the computational effort to determine i is directly
related with the synchronizing circuit and with the PI-
Controller. In sequence, the control algorithm that determines
the reference voltage vg is described.

[l Loltl ge-Reference Algorithm

As illustrated in Fig. 3, this algorithm presents as inputs the
signals derived from the source current (is) in oy coordinates
(ise» isp), the control signal obtained from the system
voltage(vs,), plus the signals generated by the synchronizing
circuit (pllg, pllg). In this algorithm there is also a control
block that determines control voltages with the objective to
damp resonance phenomena, denominated as “Damping
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Algorithm

273 F) VRef

Fig. 3. Diagram blocks of the Voltage-Reference Algorithm

Algorithm” block. Indeed, as described in [6], instability
problems due to the resonance phenomena, involving the
passive filters and the system impedance, may occur. In order
to enhance the overall system stability, an au'iliary algorithm
can be added to the controller of the series converter. In
sequence, it is described a mathematical methodology, based
on the p — g Theory, to determine the control signal vgy,,.

In a similar way of the presented one in (4) the control
signals fs, and vs, are determined, respectively, from the
source current (is) and system voltage (vs) as described as
follows:

(6)

The signal isp is shifted by [0[ from is,. The control signals
ise and Jisp together with to the ones generated by the
synchronizing circuit (pll,, pllg) are applied to calculate the
real and imaginary powers as described as follows:

P pll, pll 5 i,

{ }:{ w, -pii,|i,| - 0
q p B p a l i
In sequence, the control signal igp, is determined according

to the following equation:
i | 1 ' pll, pll, . B ©
0 | pui+pll; |plly, —pll,|§ ’

where, the powers@ and corresponds to the oscillating

components of the real (p) and imaginary (&) powers, and
they can be obtained through high-pass filters. The direct
product involving the control signal isp, by a gain
denominated as B} results in the harmonic controlled-voltage
(Vsan). The gain Bl can be understood as a resistance only for
the harmonic components. Further details involving the
damping algorithm are described in [14].

Finally, the reference voltage (vgy) is determined as
indicated in Fig.3. [Jhen vg, is produced by the series
converter, it is elpected that power quality problems
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obser/ el at the sistem [oltages can be comlénsate! [ lan[ ]
moreol erlit is e[ [ ecte[that [foblems relate[ ][ lith resonance
Thenomena can be aloilel] m sellence are [resentel]the
sinchroniling circlits aforementione!( in section [.

C. Single-Phase Phase-Locked-Loop (Single-Phase PLL)

Chis  s[nchroniling circlit is similar to the one
im[lementel] to three-Thase sl[stems[] [Jith some
sim/[ lifications as introl [ cellin [IL)[n Fig. [lis illl stratel Ithe
single-lhase [ 1/[1in o coorlinates.

As inlicate[lin Fig. [Tthe fee[back signals pll, anTpll; are
blilt [1T1blJthe [0 circlitl/[Ist [sing the time integral of
oltlIt w of the [I4[lontroller. "hese fee back signals hale
(it am(litlTe anl] pll, leals [TTlpllg Che [0 cirelit
becomes stable onll! if the alerage comlonent of the
fictitioLslimaginar[] Loller reaches Lero [alle [g'=0 Lanll
has minimilel] lol]-fre[Tenc! oscillating [ortions in its
oscillating comlonent [§'[J [Ince the circlit is stabilil¢[ ] the
alerage [alle of g’ is [ero an[ [ | ith thisl the [hase angle of
the flnlamental fre[Tenc(]is reachel At this conlition[ the
feelback signal pll, becomes in [hase [Jith the fih[amental
com!onent of the control signal vs, Flither elllanations
inLolling this [ for three-[hase sl stems are [resentel]in
(I

Uereafter( it follolJs some sim[lation resllts relate[| [lith
the single-Chase [0 [nitiall[[in this case test[lthe in[Tt
signal correslonl$ to vs, = 100-sin (wt + 452). At t =2.0 s the
Chase angle of the inl[It signal is molifie[IIs[ch that the
molifielJin[ It signal corres_ons to vs, = 100-sin (wt + 909).

m Fig. [lis sholIn the [erformance of the single-lhase [
tracking the inl[lt signal vs,=100-sin (wt + 45°). [he [
starts at t = 0.1 s. After [Ic[cles[the control signal pll, tracks
the in[ It signal vs,,.

Fig. [ illlstrates the control signal pll, tracking the inl[ Tt
signal vg, [ at the transient [t = 2.0 s[][Then the [hase angle of
the in[It signal [@gelis increaselfrom [ to [I 1] As it can
be seen in Fig. [Tt t =2.07 s the control signal pll, tracks
again the in[ Tt signal vs,,.

Clasel] on these [teliminar[]sim[lation res[lts[ it can be
notel |the feasibilit! | of this s[nchroniling circlit. [f can also
be seen in literat/ re ([T [T the [erformance of this [ )] [nler
[lorse conlitions than the [tesentel lones in this [aler.
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blilt (1) [sing the time integral of oltllt w of the [I4
Controller. [he [0 circlit becomes stable onll] if the
alerage com[onent of the error signal (e[ reaches [ero [alle.
Unce this circlit is stabilile[[the control signal Epll, tracks
the inl[1t signal vs, an[ 1 as a consel [ encel the [hase angle of
the flhlamental frellencl]is reachel| Flrther el llanations
inlolling the [0 are [tesente[Jin [ITTITIL] [ Fig. [Janl]
Fig. [are [tesente[Ithe sim[lation res(lts [Jith the same test
cases al [lie[Jto the single-hase [

V. OOOCROD DOCAOROOOOOO

Che sChchroniling circlits [lere im[lementelJon the [elas
mstriments [ [BIIFIITTF DU microltocessor. For
memor[ | rellirements assessment[| [ariables silé [las
meas(tel| [ [able [T/the [ariables nlimber anl] silé are
sholln anl[] total memor(] slace [emanlel! for each
sl nchroniling circlit is calc[latel!

CADOO 0O
0 ROOMMO OROOM O 00 ORO RODOMROD 000
Type _ Memory Space
Single-Phase PLL Enhanced PLL

double (4 x 32) 128 bits (6 x 32) 192 bits
long int (14 x 32) 448 bits (17 x 32) 672 bits
long int array (640 x 32) 20480 bits -
TOTAL 21096 bits 864 bits

The system voltage is sampled 640 times each grid period.
These instantaneous values are stored in a 640 position array,
which is used to create the 90° shifted signal used in the
Single-Phase PLL. This causes the Single-Phase PLL

978-1-4244-4649-0/09/$25.00 ©2009 IEEE

> Series Converter Turned - on

Fig. 10. Voltages and currents of the system when the Series Active
Conditioner with single-phase PLL is turned on.
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Fig. 11. Voltages and currents of the system when the Series Active
Conditioner with EPLL is turned on.

memory requirements to be wider than the EPLL. Given the
vast amount of memory available in the selected
microprocessor, this matter has a small importance.

The processing speed of each synchronizing circuits was
also measured. This was made by counting the system clock
cycles of the synchronizing circuit routine. The all control
system has a 31.25 ps available processing time, actuating
640 times by grid cycle. The DSP TMS320F2812F system
clock frequency was set at 135MHz. The EPLL
synchronizing circuit takes 2197 system clock cycles, which
corresponds to 16.27 us. It occupies 52% of the control
system routine available time. The Three-Phase Adapted PLL
takes 1511 system clock cycles, 11.19 ps, which corresponds
to 35.8% of the available processing time.

To evaluate performance characteristics, the Series Active
Conditioner was set to compensate the load voltage
distortion. For each proposed algorithm, the load voltage (v,)
presents a 7.9% THD, and a RMS value of 102.2V before
compensation. In Fig. 10 is shown the systems voltages and
currents when the Conditioner starts with the Single-Phase
PLL. v, THD drops to 2.1%, and the RMS value rises to
1143 V. In Fig. 11 is showed the same transient, being the
EPLL the synchronizing circuit. v, THD drops to 2.1% and
RMS value is of 114.3 V. The two synchronizing circuits
present the same behavior in this transient analysis. In both
cases it can be seen that js rises, in order to regulate the DC
link voltage.

Another transient was applied to the system. It consisted in
closing contactor C; (see Fig. 1,) thus connecting the shunt
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Fig. 12. Series Active Conditioner with Single-Phase PLL under the
connection of the shunt rectifier. Dot line marks the connection of the
rectifier.
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Series Active Conditioner with Single-Phase PLL under the
connection of the shunt rectifier. Dot line marks the connection of the
rectifier.

Fig. 13.

rectifier to the system, with the series converter turned on.
This action would degrade v, THD to 8.8%, and the RMS
value to 99.7V if there was no compensation. In Fig. 12 can
be seen the system voltages and currents when the rectifier is
connected with the Conditioner already compensating, with
the Single-Phase PLL algorithm. It can be seen that vs
becomes more distorted, but v, maintains a low THD. It is of
1.8% and the RMS voltage is at 115 V. The same values
where obtained when the same transient was applied to the
system with the Conditioner compensating using the EPLL
algorithm. This can be seen in Fig. 13. Since the distortion in
v, increases, the series converter has to inléct more power in
order to compensate it. This forces the shunt power converter
of the Conditioner to drain more power to regulate the DC
link. Thus, an increased system current (is) is also observed.
Also, the compensated v,. THD is improved when compared
with the first analysis. This is due to the increasing of v, that
leads to a better modulation index of the series power
converter.

V. CooCLOSIonS

A comparison between to synchronizing circuits for the
control algorithm of a Series Active Converter is made in this
paper.

The Single-Phase PLL presents higher —memory
requirements. [ut given the vast amount of memory available
in the selected microprocessor, this matter has a relative
importance. His synchronizing circuit, however, presents

978-1-4244-4649-0/09/$25.00 ©2009 IEEE

higher speed performance. In a real time processing control
system, this is an important advantage, since it releases time
for other processing routines. In this particular, the Single-
Phase PLL can overtake the Enhanced PLL. Even though the
EPLL uses less memory resources, its processing time is
long. Thus, one can conclude that the Single-Phase PLL is
more suited for real time processing systems such as the one
presented in this paper.

Experimental results also showed that the compensated
load voltage (v;) delivered to the load is in accordance with
international standards that regulate harmonic distortion and
RMS value. These standards are CEI 61000 and A[ISIITEEE
519 111992 for harmonics. For RMS value, the standard taken
in account is ALISIIEEE 519 [11992, that describes power
quality problems. This was seen on both synchronizing
circuits.
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