Quantitative Analysis and Comparisons between in-Phase Control - 553

JPE 9-4-5
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ABSTRACT

In-phase control and energy-optimized control are the two major control strategies proposed for series power quality
controllers (SPQC). However quantitative analysis and comparison between these two control strategies is quite limited in
previous publications. In this paper, an extensive quantitative analysis is carried out on these two control strategies through
phasor diagram approach, and a detailed quantitative comparison is conducted accordingly. The load current is used as the
reference phasor, and this leads to a simpler and clearer phasor diagram for the quantitative relationship. Subsequently
detailed analysis of SPQC using in-phase control and energy-optimized control are provided respectively, under different
modes both for under voltage/voltage sag and for over voltage/voltage swell. The closed form analytic expressions and the
curves describing SPQC compensation characteristics are obtained. The detailed system power flow is figured out for each
mode, and the detailed quantitative comparison between the two control strategies is then carried out. The comparison
covers several aspects of SPQC, such as required compensating voltage magnitude, required capacity of energy storage
component, and maximal ride-through time. In the end, computer simulation and prototype experimental results are shown
to verify the validity of all the analysis and the result of the comparison.

Keywords: In-phase control, Energy-optimized control, Series power quality controller, Phasor diagram, Quantitative

1. Introduction

Under voltage/voltage sag and over voltage/voltage
swell are the most familiar voltage disturbances!'™ in a
distribution network, and voltage sag is the major source
of power quality-related problems”*!. These cause many
bad effects”™ ! on sensitive equipment, such as influencing
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its product quality even to the point of malfunction,
consequently resulting in financial losses'” ™. Therefore,
cost effective solutions, which make sensitive equipment
work properly in these disturbances, are required urgently
by the industrial field. One such solution is the series
(SPQC),
configuration is shown in Fig. 1. It is inserted into the

power quality controller whose  system
system between source and sensitive load, which outputs
the desired compensating voltage to cancel out the voltage
disturbances and regulate load voltage well.

There are several control strategies for SPQC, such as

pre-fault control, in-phase control, and energy-optimized
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control. Pre-fault control® " compensates load voltage to
its pre-fault state, both for magnitude and phase, but it is
unnecessary for the load not so sensitive to phase angle
shiftl'12, In-phase control"*'¥ regulates load voltage to

the desired magnitude and in-phase with the source
voltage. It is widely used in industrial applications due to
its easy analysis and implementation. Much active power
is required in compensation, so high rating energy storage
equipment is essential, and thus the increased cost.

Energy-optimized control!*>!®

aims at compensating
disturbances with zero or minimal active power injection,
which claims to have improved performance in DC energy
usage and prolonged maximal ride-through time, thereby
greatly reducing high cost for the high rating energy
storage equipment. Among these control strategies, a
simple comparison for in-phase control and
energy-optimized control was first done in [19], though
only for injection apparent power in voltage sag. A further
comparison was done in [20], where compensating voltage
deduced by
mathematical method. This was done further in [21] with

more comparison parameters. However, quantitative

magnitude and rating are complex

comparisons between them are hard to obtain since most
existing results were obtained from the complex
deduction.  The
straightforward and the results are obscure, so less

mathematical process is  not
physical meaning existed. Most comparisons were
partially done in under voltage/voltage sag only, even only
in zero active power injection mode!". The quantitative
analysis and comparison are carried out for SPQC
between in-phase control and energy-optimized control
more extensively in this paper.

The main ideal and corresponding phasor diagram are
first discussed for each control strategy in section II,
where load current is chosen as the reference for a simpler

and clearer phasor diagram on the quantitative relationship.

Subsequently detailed analysis of SPQC using respective
in-phase and energy-optimized control are provided, under
different modes for both under voltage/voltage sag and
over voltage/voltage swell, and the detailed quantitative
comparison between control strategies is then carried out
accordingly in section III, where the closed form analytic
expression and the curves describing SPQC compensation
characteristics are obtained, and the system detailed power

flow is figured out further. In section IV, SPQC maximal
ride-through time is deduced and compared extensively by
using both control strategies. The computer simulation and
prototype experimental results are shown to verify the
validity of all analysis and comparisons in section V.
Finally the conclusions are summarized.

2. Phasor Diagram Analysis

The load current is chosen as reference phasor in this
paper, and the common RL load is chosen in the analysis.

2.1 Both strategies control model

In both control strategies, SPQC is controlled as one
controllable voltage source, which outputs the required
voltage to cancel voltage disturbances and regulate load
voltage well. The analysis defines source voltage as y,

regulated load voltage as {, , and compensating voltage
as U, . The whole system model in the equivalent circuit

format is obtained as shown in Fig. 2.

From this system model, once the load and source
voltage phasor is determined, the SPQC compensating
voltage phasor is obtained accordingly. Phase and
magnitude of source voltage can be detected, and load
voltage maghitude is a determined value. Once the load
voltage phase is determined, SPQC compensating voltage
can be obtained accordingly.

Fig. 1. The system configuration of SPQC.

U [z

Fig. 2. Whole system model in the equivalent circuit format.
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2.2 In-phase control

When in under voltage/voltage sag, the regulated load
voltage is in-phase with source voltage, and compensating
voltage is in-phase also. The phasor diagram for this case
is as shown in Fig. 3, from which compensating voltage
magnitude is proportional to source voltage disturbance
degree, and thus injected active power. For this reason, the
large and expensive energy storage equipment is essential
for SPQC in this case, which leads to the increased costs.

When over voltage/voltage swell occurs, load voltage is
in-phase with source voltage, but compensating voltage
has the reverse-phase. The phasor diagram for this state is
shown in Fig. 4, where compensating voltage magnitude is
proportional to source voltage disturbance degree too, and
thus the absorbed excessive active power. This absorbed
excessive active power should be dealt with carefully™ %!
so systern complexity and total cost is increased
dramatically.

il

The control method for in-phase control is shown in Fig.

5. Where load voltage phase is calculated first, so the
desired load voltage is formulated accordingly. The SPQC
compensating voltage reference is obtained by subtracting
the desired load voltage from detected source voltage.

SPQC output voltage tracking control is used for better
results.

Fig. 3. Phasor diagram in under voltage/voltage sag.

Fig. 4. Phasor diagram in over voltage/voltage swell.
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Fig. 5. Control method for SPQC with in-phase control.

Fig. 9. Phasor diagram for over voltage/voltage swell.



556 Journal of Power Electronics, Vol. 9, No. 4, July 2009

2.3 Energy-optimized control

Energy-optimized control regulates load voltage with
zero or minimal active power injection. SPQC works in
zero active power injection mode, boundary mode, and
minimal active power injection mode respectively"! with
different conditions in under voltage/voltage sag.

When SPQC works in zero active power injection mode,
its compensating voltage is perpendicular to load current,
so it only generates reactive power. The source provides
all the active power in addition to the inadequate reactive
power for the load. The phasor diagram for this mode is
shown in Fig. 6, where the smaller compensating voltage
is chosen to reduce SPQC system rating requirement.

When the under voltage/voltage sag deepens, SPQC
works in boundary mode. Here the compensating voltage
is perpendicular to the load current, and the source voltage
is in-phase with the load current simultaneously. So SPQC
only generates reactive power and the source provides
active power only, which are combined to feed the load.
The phasor diagram for this mode is shown in Fig. 7,
where the phase difference between source voltage and
load voltage equals the load power factor angle.

When SPQC works in minimal active power injection
mode, source voltage is still in-phase with load current,
but the compensating voltage is not perpendicular to load
current any longer. Here the source generates active power
only. SPQC generates the inadequate active power and all
the reactive power to the load. The phasor diagram for this
minimal active power injection mode is shown in Fig. 8,
where the phase difference equals the load power factor
angle also. As active power needed by the load is a fixed
value and generated by the source maximally, SPQC only
generates minimal active power in the compensation, and
the name for this mode is formed.

For over voltage/voltage swell, SPQC only works in the
other zero active power injection mode!®. This mode is
similar to the zero active power injection mode in under
voltage/voltage sag, but compensating voltage has a
reverse direction perpendicular to load current, and source
power factor is smaller also. Here source generates all the
active power in addition to excessive reactive power, and
SPQC functions to absorb this excessive reactive power
only. The phasor diagram for this mode is shown in Fig. 9,
where the smaller compensating voltage is chosen for a

smaller system power rating requirement also.

So energy storage equipment is reduced greatly in under
voltage/voltage sag, as none or minimal active is needed.
No additional actions are needed for excessive active
power in over voltage/voltage swell, thus excessive cost is
reduced remarkably for the energy-optimized control.

However, phase angle change between the source
voltage and the load voltages is introduced by the control
itself. This prohibits its application in the loads that are
sensitive to phase angle shift. Almost all voltage
disturbances are associated with some degree phase

124251 can be taken to alleviate

shift!""'3 and proper actions
its bad effects, so this energy-optimized control strategy is
considered to be one of the most promising strategies.

The control method for energy-optimized control is the
same as Fig. 5, except for obtaining the desired load
voltage phase. Source power factor angle is obtained for
each mode first from the phasor diagram shown in Fig. 6-9.
Load power factor angle can be changed and detected if
needed, but it is predetermined and fixed in analysis and
following control here. From these results, phase
difference between source voltage and load voltage is
obtained easily. The source voltage phase is detected in
the control, and the desired load voltage phase is obtained
by adding the phase difference to the obtained desired load
voltage phase. This desired load voltage phase is
combined with desired load voltage magnitude to get

desired load voltage accordingly.

3. Quantitative Analysis and
Comparisons

Per unit is used in quantitative analysis, and load
current and desired load voltage are chosen as the base for
current and voltage respectively in the analysis. RL load
with the same parameters is chosen, so active and reactive
power needed by the load is the same for both control
strategies as follows.

P =cos¢ )
0; =sing

3.1 Under voltage/voltage sag
According to Fig. 2, the compensating voltage of SPQC
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with in-phase control is obtained.
U, =1-U; )

Similarly, the active and reactive power generated by
SPQC is shown as follows.
P =(1-U;)cos
{ C* S* . ¢ (3)

Oc =(1-Us)sing

According to (2) and (3), SPQC graphical compensating
voltage magnitude and injecting active power is shown in
Fig. 10 (a) and (b) respectively. In each figure, the x axis
is load power factor, y axis is source voltage magnitude, z
axis is compensating voltage magnitude or injecting active
power respectively. The axes definitions are similar for the

following Fig. 12, Fig. 15, Fig. 17, Fig. 18, Fig. 20 and Fig.

22, though with minor differences.
With the same method, active and reactive power
provided by the source is obtained also.
F =U; cos
e @
Qs =Ugsing

From (1), (3) and (4), the system power flow is figured
out as shown in Fig. 11, where active and reactive power
generated or absorbed by each part is proportional to its
receiving voltage.

For the energy-optimized control, when SPQC works in
zero active power injection mode,
relationship is obtained easily from Fig. 6.

the following

U, > cos ¢ )

087 e, dene?
A

(a) Injecting active power (b) Compensating voltage

magnitude

Fig. 10. Quantitative analysis for in-phase control.

And SPQC compensating voltage magnitude is obtained
as follows accordingly.

U =sing—(U:) —cos® ¢ (6)

SPQC graphical compensating voltage magnitude is
obtained as shown in Fig. 12.

SPQC generated active and reactive power is obtained
easily as follows. Comparing the obtained reactive power
with (6), it can be found that SPQC generated reactive
power equals its compensating voltage magnitude in
obtained per unit expression.

F =0

g: =sing=\(U5)

(7)
’_cos? ¢

Similarly, the active and reactive power provided by the
source is shown as follows.

B =cos¢

05 =(Us )2 —cos’ ¢

®

From (1), (7) and (8), system power flow for this mode
is figured out as shown in Fig. 13.

When SPQC works in boundary mode, the following
relationship is obtained from Fig. 7.

U =cos ¢ ©)

So SPQC compensating voltage magnitude is shown as
follows, which is a space curve only.

Ug =sin¢ (10)

Fig. 11. System power flow for in-phase control.
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Fig. 12. Compensating voltage magnitude for the zero active
power injection mode.

SPQC generated active and reactive power is obtained
easily as follows. It proves SPQC generates reactive
power only, which equals load needed instantaneously.

{Pc* =0 (11)
Q: =sing

Similarly, the active and reactive power provided by the
source is shown as follows. It proves source generates
active power only, and it is equal to load needed also.

{PS* =cos ¢ (12)
0;=0

From (1), (11) and (12), the system power flow for this
mode is figured out as shown in Fig. 14.

When SPQC works in minimal active power injection
mode, the following relationship is obtained easily from
its phasor diagram shown in Fig. 8.

Ug <cos¢ (13)

SPQC compensating voltage magnitude is obtained
accordingly.

UL = \1+(05) =205 cos g (14)

Similarly, SPQC generated active and reactive power is
obtained as follows. The obtained reactive power equals
compensating voltage magnitude per unit also.

P =cosg-U, 15)
Q. =sing

Fig. 13. System power flow for the zero active power injection
mode.

Fig. 14. System power flow for the boundary mode.

Based on (14) and (15), SPQC graphical compensating
voltage magnitude or injecting active power is shown in
Fig. 15 (a) and (b) respectively.

The active and reactive power generated by the source
is similarly obtained as follows.

Ps* =U; (16)
;=0

From (1), (15) and (16), the system power flow for this
mode is figured out as follows.

By comparing SPQC compensating voltage magnitude
between control strategies shown in (2), (6), (10) and (14)
respectively, it is larger for energy-optimized control. The
corresponding graphical larger part for energy-optimized
control is shown in Fig. 17 (a). This larger magnitude
makes SPQC required power rating larger.

While comparing SPQC injecting active power using
both control strategies shown in (3), (7), (11) and (15)
respectively, it is smaller for the energy-optimized control.
The corresponding graphical smaller part for SPQC using
energy-optimized control is shown in Fig. 17 (b), so SPQC
requires a smaller capacity energy storage component
also.

In summary, SPQC with energy-optimized control has
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larger compensating voltage magnitude, and thus a larger
required power rating. But it requires much less active
power, and requires smaller energy storage component
capacity accordingly, thus resulting in reduced cost.

3.2 Over voltage/voltage swell
According to Fig. 4, compensating voltage magnitude
of SPQC with in-phase control is obtained as follows.

UL =U: -1 (17)

Similarly, SPQC absorbed active and reactive power is
shown as follows.

Pl =(1-U3)cosg
0: = (1-Uy)sing

(18)

SPQC graphical compensating voltage magnitude or
absorbed active power is shown in Fig. 18 (a) and (b)
respectively as follows.

Using the same method, the active and reactive power
generated by the source is obtained also as follows.

P =Ugcos¢
0; ~U;sing

(19)

(a) Compensating voltage magnitude (b) Injecting active power

Fig. 15. Quantitative analysis for the minimal active power
injection mode.

Fig. 16. System power flow in minimal active power injection.
mode.

05 ug

(a) Compensating voltage quantitative

magnitude

difference

;35 lgsg
(b) Quantitative difference in the injecting active power

Fig. 17. Quantitative difference between the energy-optimized
control and the in-phase control in under
voltage/voltage sag.

(b) Absorbed active power

Fig. 18. Quantitative analysis for in-phase control.



560 Journal of Power Electronics, Vol. 9, No. 4, July 2009

From (1), (18) and (19), the system power flow is
figured out accordingly as shown in Fig. 19.

According to Fig. 9, compensating voltage magnitude
of SPQC with energy-optimized control is obtained easily,
which is shown as follows.

U, = (U; )2 —cos’ ¢ —sin g (20)

SPQC graphical compensating voltage magnitude is
obtained accordingly as shown in Fig. 20.

Fig. 20. Compensating voltage magnitude in energy-optimized
control at over voltage/voltage swell.

Fig. 21. System power flow for energy-optimized control.

Similarly, the active and reactive power absorbed by
SPQC is obtained as follows.

Fe=0 1)

g.= J(U;)z —cos” ¢ —sin g

The active and reactive power generated by the source
is shown as follows.

B =cos¢ (22)
0: =J(Us)

2
—cos” ¢

From (1), (21) and (22), the system power flow for this
mode is figured out as follows.

By comparing SPQC compensating voltage magnitude
shown in (17) and (20), it is larger in energy-optimized
control, and the corresponding graphical larger part is shown
in Fig. 22. So the required power rating is larger also.

While comparing SPQC absorbed active power in both
control strategies shown in (18) and (21), SPQC with
energy-optimized control does not absorb any excessive
active power, so no additional actions™?! are needed for
system safe operation, and the cost for this is avoided also.

In summary, SPQC with energy-optimized control has
larger compensating voltage magnitude, and thus required
power rating. But it requires zero or minimal active power
in under voltage/voltage sag compensation, and thus
requires much less capacity of energy storage component;
this does not absorb excessive active power in over
voltage/voltage swell, so no additional action is needed for
system safe operation. Therefore the cost for both is
reduced dramatically.

4, SPQC Maximal Ride-through Time

SPQC maximal ride-through time is determined by the
required active power and the capacity of energy storage
component. Only the DC capacitor is served as energy
storage equipment in the analysis here. The DC voltage
maximal fluctuation range is defined to be 85%~110% of
the desired value, and the corresponding maximal
ride-through time can be defined as follows, which
includes the DC voltage decrease and increase conditions
respectively.
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1 1
E CU;CO - 5 CUéCmin

Upe <U, 23
, WCm E: + PLOSS DC DCo ( )
- P 1 1
5 CUéCmax - 5 CUéCO
UDC < UDCO

‘PC - PLoss

4.1 Under voltage/voltage sag

From the above definition, the maximal ride-through
time for SPQC with in-phase control is obtained as
follows.

1

1
W, ECU,Z)CO—EC(OBSxUDCO)Z y
Ly = S =
P (U, -Us) I cosg+ P (24)
0.2775x%cugc(,

(U, ~Uy)I,cosp+ P,

As for energy-optimized control, maximal ride-through
time for SPQC works in zero active power injection mode
and boundary mode is obtained as follows, where no
active power is needed in the compensation itself.

1 1 2
—CU%, —= C(0.85xUpy,)
w. DCY DCoO
fm=—%a=2 2 (25)
Loss
0.2775x % CUL,

B

Loss

Similarly, maximal ride-through time for SPQC work in
minimal active power injection mode is as follows.

1

1 2
—CUpy ~=C(0.85xUpq )
= W o _2 2 0 (26)
P Ul cosg—-Ugl, + B
0.2775><%CU[2)CO

- Ul cosp—-Ug +B,

By comparing (25) and (26) with (24), SPQC with
energy-optimized control has larger maximal ride-through
time in under voltage/voltage sag compensation.

4.2 over voltage/voltage swell

Maximal ride-through time for SPQC with in-phase
control is obtained as follows, where it absorbs excessive
active power, so the DC voltage is increased.

%C(leUDCO)—%CUéCO
;=T =7 27
C Lo

58

O.21><%CU§,CO

B (Us —UL)]L C0S¢_PLoss

Similarly, maximal ride-through time for SPQC with
energy-optimized control is obtained as follows.

1 1
W, ECU,Z)CO —EC(O.SSxUDCO)
[, = o (28)
P PLoss

0.2775x% % CUZ,

PL{)

S5

By comparing (28) with (27), the numerator in (28) is larger
clearly. System power loss is usually much smaller compared
with required active power itself; so it can be considered that the
denominator in (28) is less than (27) also. So the maximal
ride-through time for SPQC with energy-optimized control is
also larger in over voltage/voltage swell compensation.

In summary, maximal ride through time for SPQC using
energy-optimized control is larger than using in-phase
control in both under voltage/voltage sag compensation,
and over voltage/voltage swell compensation.

5. Simulation and Experimental
Verifications

For simple implementation and comparison, three phase
balanced RL load with 9.42Q resistor and 30mH inductor
is chosen for both control strategies in both computer
simulation and prototype experiment. The load power
factor angle is 45°, which is considered the known
parameter for energy-optimized control.

Similarly, voltage sag and swell is generated on purpose.
The voltage sag degree is 20%, 30% and 40% respectively,
and the voltage swell degree is 20% in both the computer
simulation and the prototype experiment for both control
strategies. In each obtained figure, four signals are
detected, with source voltage, compensating voltage, load
voltage and load current in descending order.

5.1 Computer simuiation
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The desired load voltage is 220V RMS. Voltage
disturbance happens at 0.148S, lasting 6 cycles and ends at
0.26S in the computer simulation done in PSIM 4.1.

The corresponding obtained computer simulation results
for SPQC with in-phase control and energy-optimized
control in each voltage disturbance are shown in Fig. 23
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and 24 respectively.

From Fig. 23, it can be found that when SPQC uses
in-phase control, disturbances are compensated and load
voltage is regulated well. Additionally, source voltage is
in-phase with load voltage, SPQC compehsating voltage is
in-phase with load voltage also in under voltage/voltage
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Fig. 23. Simulation results for in-phase control.
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Fig. 24. Simulation results for energy-optimized control.
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sags while in reverse-phase in over voltage/voltage swell.
All the results match in-phase control characteristics well.
From Fig. 24, it can be found that when SPQC uses
energy-optimized control, it works in four different modes
respectively in the compensation. Voltage disturbances are
compensated and thus load voltage is regulated well. In
addition, SPQC compensating voltage is leading 90° to
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(a) 20% voltage sag
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load current in Fig. 24(a). SPQC compensating voltage is
leading 90° to the load current, and source voltage is
in-phase with load current simultaneously in Fig. 24(b).
While only source voltage is in-phase with the load
current in Fig. 24(c), without 90° phase is a different
relationship between load and source voltage. Conversely,
SPQC compensating voltage is lagging 90° to load current
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Fig. 25. Experimental results for in-phase control.
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Fig. 26. Experimental results for energy-optimized control.
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in Fig. 24 (d). All these results match the characteristics of
corresponding modes in energy-optimized control well.

By comparing the same voltage disturbance compensated
by SPQC with in-phase control and energy-optimized control
respectively in Fig. 23 and 24 further, SPQC with
energy-optimized control has larger compensating voltage
magnitude in all four cases, so the required rating for SPQC
using energy-optimized control is larger also.

5.2 Prototype experiment

In prototype experiment, the desired load voltage is
110V RMS. 6 cycles balanced disturbances are
generated by programmable AC power supply with every
100 normal voltage cycles in each sequence. All the othér
parameters are the same as the computer simulation.

Prototype experimental results for SPQC with in-phasg
and energy-optimized control in each voltage disturbance
are obtained and shown in Fig. 25 and 26 respectively.

By carefully comparing respective experimental resuits,
and comparing the corresponding simulation results,
similar conclusions can be obtained as in the simulation
results analysis. All experimental results coincide with
the corresponding simulation results well. Both of them
verify the validity of the characteristics and comparison
results of corresponding control strategy well.

6. Conclusions

In this paper, an extensive analysis and comparison are
done between in-phase control and energy-optimized
control of SPQC based on the phasor diagram method.
Load current is used as a reference phasor in the analysis.
Closed form analytic expressions and curves describing
SPQC compensation characteristics are obtained for both
control strategies. Computer simulation and prototype
experiment are done to verify the validity of all analysis
and control. The following results are obtained by
comparing them.

1) Quantitative closed form analytic expressions using
system parameters and curves describing SPQC needing
active power are obtained and compared in both control
strategies. SPQC using energy-optimized control requirés
zero or minimal active power in the compensation, so less
energy storage equipment is used in under voltage/voltage

sag and no extra actions are needed for over
voltage/voltage swell resulting in reduced cost.

2) Quantitative closed form analytic expressions with
system parameters and curves describing SPQC required
compensating voltage magnitude in both control strategies
are obtained and compared. SPQC using energy-optimized
control requires larger amplitude of compensating voltage,
80 its required power rating is larger also.

3) Quantitative closed form analytic expressions using
system parameters describing SPQC maximal ride-through
time in both control strategies are obtained and compared.
SPQC with Energy-optimized control has longer maximal
ride-though time than in-phase control.
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