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1 INTRODUCTION
In an electrical power system, power is the amount of energy that flows over a period time.
For direct current (DC) power systems, where the voltage and current remain relatively
constant for small periods of time, the power is simply voltage multiplied by current. For an
alternating current (AC) power system, the voltage and current cycle between positive and
negative values. Real and useful power (active power) is only transferred when the voltage
and current waveforms overlap. The ideal case (all power is useful) occurs when the voltage
and current waveforms have the same shape and are perfectly aligned (are in-phase). In this
ideal case, the power can also be calculated as voltage multiplied by current.

Figure 1: Instantaneous power flow for different voltage-current alignments, for the same apparent power.

When the voltage and current waveforms are out of alignment, the instantaneous power
starts alternating between positive and negative power, and power starts flowing back and
forward. The worst-case alignment causes all the power that flowed forward to flow back,
resulting in a net zero power flow. This is reactive power flow and provides no
real/active/useful power despite the presence of voltage and current. Despite not delivering
any useful power, reactive power still requires the power system and generators to supply
the current component of the reactive power, which increases the load on the power system
and reduces the amount of useful power the system can deliver.
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Most loads on the power system draw both active and reactive power. Power Factor (PF) is
used to describe the ratio between active (useful) power and the apparent power:
𝑃𝐹 =

𝐴𝑐𝑡𝑖𝑣𝑒 𝑃𝑜𝑤𝑒𝑟
𝑃
=
𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑃𝑜𝑤𝑒𝑟
𝑆

Apparent power is the magnitude of voltage and current multiplied together (𝑆 = 𝑉 × 𝐼),
ignoring the phase/alignment, and is always positive. Apparent Power describes the
maximum real power that can flow for a given voltage and current.
In the ideal/best case, all power is useful, and the real power (P) and apparent power (S) are
equal. This gives a power factor of 1. When there is reactive power in a system, the power
factor is less than 1. In the worst case of all reactive power (no active power), the power
factor will be 0, and the apparent power S will be equal to the reactive power Q. Power factor
can also be negative, which has the same meaning as positive power factor, except that the
active power is flowing in the opposite direction (P is negative).
The power triangle provides a graphical way of visualising the relationship between active
(real) power, reactive power, and apparent power. The positive active power represents
power flow out of a generator and into a load, and negative active power is power flow out of
a load (e.g. house with solar PV). Positive reactive power represents reactive power
“consumption” by a load, where the current waveform is lagging behind the voltage
waveform, and is typically caused by inductive loads. Negative reactive power represents
reactive power being “supplied” by a load, where the current waveform is leading the voltage
waveform, and is typically caused by capacitive loads.

Figure 2: Power triangle and the circle of constant apparent power.

For a constant apparent power (e.g. the rated apparent power of a generator), the
combinations of active and reactive power trace out a circle. This circle represents the
operating area of a device, with the edge of the circle representing the rated operating limit.
For a given apparent power, increasing reactive power will reduce the amount of active
power that can be supplied. Hence it is desirable to control and minimise reactive power to
maximise the active power that can be supplied by the power system.
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2 POWER FACTOR CONTROL AND P-Q UNIT CIRCLE
Most loads connected to a power system are not ideal and result in reactive power flow and
a power factor less than 1. Although desirable, not all devices have in built power factor
correction (PFC), resulting in net reactive power flows through the power system that
increase the load on the system and reduce the active power that can be supplied. This is
typically addressed at the network/grid level by adding power factor correcting devices,
including capacitors, inductors, synchronous condensers, static VAR compensators and
static synchronous compensators (STATCOMs).
A battery energy storage system (BESS) with a suitably advanced inverter can also provide
power factor control facilities, similar to a STATCOM. The Australian Energy Storage
Knowledge Bank’s (AESKB) Mobile Test Platform is a portable microgrid system with
embedded battery energy storage system. The system uses an advanced ABB PCS 100
inverter, that can as a voltage source and operate in all four quadrants (see Figure 2). This
allows for the inverter to not only charge or discharge the battery, but to also supply or
consume reactive power.
The design of system allows for the inverter to provide reactive power to the LV grid and/or
downstream load connections. When the inverter is set to supply the same amount of
reactive power that the downstream load/feeder consumes, the reactive power cancels out
leaving only real, active power flow at the LV grid connection. Hence, the power factor of the
load can be controlled and improved (brought closer to 1) even though the load has no
ability to control power factor.
The results in this report were taken from tests of the Mobile Test Platform when deployed in
Thebarton South Australia. Figure 3 shows the simplified electrical layout and configuration
used. The downstream load is a 100kW resistance load. Because the load is resistive, it can
only absorb power and naturally has a high power factor (minimal reactive power). Hence in
these tests, any reactive power flows are only between the inverter and grid.

Figure 3: Mobile Test Platform configuration in Thebarton South Australia.
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To demonstrate reactive power control and four quadrant operation, the inverter was set to
operate at eight different points around a 100kVA unit circle. The 100kVA apparent power is
37% of the rated apparent power of the inverter. Four quadrant operation means that the
inverter can operate with positive or negative reactive power when charging or discharging
the battery.
The active, reactive, apparent power and power factor was measured at Node M in Figure 3,
representing the total at the generation bus. The polarity at Node M is with respect to the
inverter (and other embedded generators) operating as a generator. Positive power means
power flow from generation bus to the grid/load, and negative power means power flow from
the grid/load to the generation bus. Positive reactive power represents the supply of reactive
power, that flows to the grid/load. Negative reactive power represents the consumption of
reaction, that flows from the grid/load to the generation bus.
The P-Q unit circle test was performed in two parts. The first part involved operation at five
points (A to E), and operation at zero active and reactive power (F). For the five points (A to
E) in Figure 4, the apparent power is kept approximately constant, but the value of real and
reactive power varies for each point. Figure 5 shows the power factor for the same period.
Because apparent power is kept constant, the power factor plot has the same shape as the
active power.

Figure 4: Operation around the PQ unit circle (part 1).

Figure 5: Power factor during operation around the PQ unit circle (part 1).
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Note that during the region “F” when the inverter is set to zero active and reactive power, the
power factor is not zero. The inverter has limited precision when controlling such small
values of real and reactive power. Consequently, the small real and reactive power looks like
noise. Because 𝑃𝐹 = 𝑃⁄𝑆, when both P and S are small and fluctuating, the power factor
also fluctuates. In these cases, the value of power factor has little meaning or relevance
because of how small the apparent power is.
Figure 6 shows the second part of the P-Q unit circle test, with operation at the remaining
three points (G, H, I). Figure 7 shows the power factor for the same time. Again, because the
apparent power is kept approximately constant, the power factor plot follows the same shape
as the active power plot.

Figure 6: Operation around the PQ unit circle (part 2).

Figure 7: Power factor during operation around the PQ unit circle (part 2).

Plotting reactive power vs active power provides a more meaning view of this test. Figure 8
shows all measured points of active and reactive power from both parts of the test,
corresponding to the time periods in Figures 4 and 6. Figure 8 clearly shows the eight
operating points and their location on the P-Q unit circle (in this case, a 100kVA circle). For
better clarity, the Figure has been annotated to show each corresponding operation point,
and the actual 100kVA circle traced out by these operating points.
One key observation from Figure 8 is the spread of points in each direction. The measured
points in each operating point have very little horizontal spread, meaning the active power
control of the inverter has good precision. However, there is noticeable vertical spread in
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these points, meaning the inverter’s reactive power control has worse precision than its real
power control. The inverter is still capable of operating in all these regions, but the reactive
power will fluctuate a little more compared to the real power.

Figure 8: P-Q plot showing operation around the PQ unit circle with 100kVA apparent power.

Table 1 summarises the P-Q unit circle test. For each operating point, the value of active
power, reactive power, apparent power and power factor has been averaged over the
corresponding region. For region “F” (zero P and Q), the apparent power appears much
higher than the averages of active and reacting power. This result occurs because both
active and reactive power can vary around zero (both momentarily being positive or negative
while averaging to zero), however apparent power is only positive and produces a non-zero
average when the active and reactive power is varying.
Table 1: Average values for each operating point.

Operating
Point
A
B
C
D
E
F
G
H
I

Active Power P
(kw)
97.64
61.44
75.88
8.88
-11.55
-1.03
-100.20
-78.26
-64.13

Reactive Power Q
(kvar)
8.35
75.14
-64.33
-100.60
97.19
-0.63
-11.78
60.58
-79.39
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Apparent Power S
(kVA)
98.15
97.13
99.54
101.00
97.88
4.64
101.00
99.05
102.10

Power Factor
PF
0.99
0.63
0.76
0.09
-0.12
-0.36
-0.99
-0.79
-0.63

3 REACTIVE POWER WAVEFORMS
During part 1 of the P-Q unit circle test, high speed waveforms were captured at the time
17:23:58 (hours, minutes, seconds). This corresponds to the transition into region/operating
point “B” just before the time 17:24 in Figure 4. This transition is from a power factor just
under 1 to a power factor above 0.63. The waveforms show the transition after the active
power was reduced and at the moment the reactive power was increased to maintain
100kVA apparent power.
Figure 9 shows the inverter phase A voltage and current waveforms. The voltage is
sinusoidal, but appears “fuzzy” because of the inverter’s switching noise. The inverter
produces a sinewave by very quickly switching the battery DC voltage (~800V) between a
positive and negative value, using pulse width modulation (PWM). The inverter includes a
filter to smooth out the voltage into a sinewave, however some noise still gets through.
Despite the presence of this noise, the active power and power factor are both essentially
the same to those of the much cleaner generation bus and grid connection.

Figure 9: Inverter phase A voltage and current waveforms, as reactive power is increased.

Figure 10: Generation Bus phase A voltage and current waveforms, as reactive power is increased.

Figure 10 shows the phase voltage and current for the generation bus. The voltage is
measured at Node H in Figure 3, after the transformer. The transformer filters out any
residual noise in the inverter’s voltage waveform. In both Figures 9 and 10, the current
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waveform appears as a sinewave. In both figures, this is the same current waveform, just
measured at each side of the transformer. Just before the time 58.93s, the inverter’s setpoint
is changed. This causes phase of the current waveform to change with respect to the
voltage waveform. The phase shift is visible in both Figures, however it is more clear in
Figure 10. In this case, the current waveform is delayed and starts lagging behind the
voltage waveform, with the being an increase in reactive power (positive reactive power).
This increase in reactive power is better seen in the instantaneous power waveforms, shown
in Figures 11 and 12 for the inverter and generation bus respectively. Figure 12 shows a
clearer view, where the inverter switching noise is not present.

Figure 11: Inverter phase A instantaneous power waveform, as reactive power is increased.

Figure 12: Generation Bus phase A instantaneous power waveform, as reactive power is increased.

Before the transition, only real and active power is flowing. In a single phase, this is pulsating
at twice the power system frequency. In a three-phase power system, each phase’s power
pulsates in such a way that the total instantaneous power flow of all the phases adds up to a
constant. After the transition to reactive power, the minimum power drops below zero, and
power starts to flow in reverse. The active power measurement can be found from the
waveform by simply averaging the pulsating power.
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4 INVERTER IDLE REACTIVE POWER WAVEFORMS
At the very start of Figure 4 and at the very end Figure 6, the inverter’s real power is zero,
however the reactive power and apparent power is not. At this points in time the inverter was
electrically connected to the grid, but was disabled. This means the inverter was powered
on, but was not running, was not performing high frequency switching to produce a voltage,
and was not trying to control the flow of power into its AC connection.
This is an unwanted side effect of this inverter deployed in this configuration. Ideally, when
disabled no current should be flowing between the inverter’s AC connection and the grid,
and hence no power should be flowing. In this case of an idle or disabled inverter, the
current flow results in unwanted reactive power consumption and an apparent power flow
just under 10% of the inverter’s rated apparent power (270kVA).

Figure 13: Inverter phase A voltage and current waveforms, inverter idle.

Figure 14: Generation Bus phase A voltage and current waveforms, inverter idle.

With the inverter not running, Figures 13 and 14 have a similar shape. In both figures, the
inverter current is out of phase with the voltage (in this case, lagging), resulting in the
consumption of reactive power. Because the current is lagging by 90°, all the apparent
power is reactive, with no active power flowing.
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A clearer view can be seen in the instantaneous power waveforms at the inverter connection
and generation bus, shown in Figures 15 and 16 respectively. Both waveforms show equal
parts of positive and negative power flow. When averaged, this power cancels out and
results in no net power flow.

Figure 15: Inverter phase A instantaneous power waveform, inverter idle.

Figure 16: Generation Bus phase A instantaneous power waveform, inverter idle.

The power waveform has a slightly different shape in Figure 16. Figure 15 has ripples in the
peaks and troughs, indicating harmonic power flow (power flowing at a multiple of the power
system frequency, in this case 3rd harmonic). Figure 16 shows that the harmonic power flow
is lower, with smaller ripples in the power waveform. The two power waveforms are different
because of the transformer that sits between the generation bus and the inverter.
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5 CONCLUSION
A battery energy storage system (BESS) equipped with a suitably advanced inverter can
perform reactive power control in addition to active power control. This allows a battery
energy storage system to also provide reactive power support to the grid, and power factor
control of loads when deployed in a microgrid.
This report has examined the reactive power control of the Australian Energy Storage
Knowledge Bank’s (AESKB) Mobile Test Platform. The test demonstrated four quadrant
operation around a P-Q circle of constant apparent power, where the battery energy storage
system can control the active and reactive power to achieve a desired power factor.
High speed waveforms were examined, providing a deeper look at how the inverter achieves
active and reactive power control. These waveforms also shed light on the less than ideal
aspects of the system. This reflects the practical reality of battery energy storage technology,
and its real world behaviour in a grid connected application.
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