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Abstract- This paper proposes a novel modulation scheme to reduce the harmonic content of
voltages and currents caused by modular multilevel converters with embedded battery cell when
employed for application in battery energy storage systems in the grid. The reduction in total
harmonic distortion (THD) is obtained by injecting selected harmonics in modulating wave for
phase disposition sinusoidal pulse width modulation. The main innovation is in the frequency of
these injected harmonics, most of which are kept considerably higher than the carrier frequency.
The injection has further been improved using closed-loop control for optimum reduction in the
harmonic content of output. The simulations are performed and tested on MATLAB-SIMULINK
and demonstrate a satisfactory reduction in both voltage and current THD without any counter
effect.
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1. INTRODUCTION

Renewable energy sources (RES) have recently gained a lot of traction for integration into
the grid in recent times due to their distributed nature and environment-friendly qualities. Solar
and wind energy, in particular, have acquired a significant portion of power generation capacity
around the world. But, these RESs suffer from various power quality issues like grid voltage
disturbances and frequency in-stabilization due to their intermittent and fluctuating power output.
These issues make it difficult for the grid operators to connect these RESs to the utility grid at a
large scale and can thus thwart further integration of RES in the modern power grid.

To mitigate these issues related to unreliable and intermittent nature of RESs, battery energy
storage systems (BESSs) have been proposed as a viable solution. The BESSs can be used for the
purpose of improving the power quality, stability, and reliability of the grid. The BESS can also
provide ancillary services like load levelling, oscillation damping and power buffering®=. A typical
BESS fundamentally comprises of four components: an electrochemical storage, a power
electronic converter, a transformer and a battery management system (BMS). While theoretically
simple, the implementation of BESS into the power system has faced several challenges.

Early BESSs were based on the combination of 18-, 24-, 36-, or 48-pulse converters with
complicated three-phase zigzag transformer*® to lower the harmonic content injected by BESS
into the grid. But these transformers are bulky, expensive and very likely to fail. In practice, almost
all commercially used BESS comprise of parallel connection of two- or three-level power
converters’%, The output of such converters has high harmonic content. Moreover, the individual
battery cells generate a much lower voltage than the power grid and hence their voltage across
battery needs to be increased. This is usually achieved by forming parallel connection of multiple
battery strings, each of which is itself a series connection of battery cells, thus increasing the dc
voltages and power ratings. However, this further increase the complexity of the battery
management system. Moreover, even if a single battery module in a battery string fails, the entire
corresponding string needs to be disconnected. Such a situation either reduces the power rating
drastically or forces the shutdown of the BESS for safety reasons. As a result, the probability of
failure of BESS increases with the number of series-connected battery modules.

Modular multilevel converters (MMCs) stand out as one of the best alternatives for
applications in BESS due to their proven reliability, elimination of the bulky and costly step-up

transformer, modularity and low harmonic content!!12. Current harmonics are undesirable because
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of their effect the power distribution system causing additional losses in wires and cables and
circuit breaker malfunctioning. Moreover, triple harmonics, being zero-sequence, increase the
neutral current. VVoltage harmonics, on the other hand, affect other equipment connected to the
electrical system such as the erratic operation of telecommunication systems, computers, video
monitors, electronic test equipment. etc., and can cause problems in insulating materials due to the
high voltage derivative. But, while MMCs have lower harmonic content than other power
converters currently in operation, there still is a lot of scope to further reduce the harmonic content
in MMCs, thus improving the efficiency of BESSs considerably.

Passive filters have been commonly used to solve harmonic issues, but they are big, heavy
and complex to be realized. To achieve high inductance values, ferromagnetic cores are usually
used but, in MMCs, some dc current components could be used for balancing purposes. For this
reason, the core design becomes complex to limit the size and weight of the inductor’®. As a
method to reduce the filter size while improving harmonic performance, selective harmonic
elimination (SHE) has been previously discussed in the literature. Such methods rely on look up
tables to derive switching angles and store them in memory for on-line working. SHE
implementation further becomes even more challenging as the number of output levels increases
owing to the difficulty in deriving the switching angles accurately. While SHE has the advantage
of the elimination of lower order harmonics, low switching frequency and reduced switching
stress'41®, they suffer from issues of modulation ratio discretization, and controller hardware
occupation®’.

Elimination of output harmonics by injection of certain signals has also recently emerged as
a viable method to reduce targeted harmonics. Zero-sequence current injection has been previously
proposed, achieving discontinuous modulation, which reduces switching losses and increases
modulation gain®2%, But this results in increasing the number of submodules (SMs) since each
arm requires-additional SMs to avoid over-modulation and reduce SM capacitor voltage ripple.
Second harmonic is injected into the arm current to optimize the current sharing among the SMs
and reduce SM capacitor voltage ripple but at the expense of higher semiconductor current
stresses?? 23, Third harmonic injection pulse width modulation (THIPWM) has been the most
commonly used scheme, due to its lower harmonic content, lower SM capacitance and reduced

losses?* 25,
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While much attention is paid to injection of lower harmonics, there still is a literature gap
for analysis when higher order harmonics are injected with lower order harmonics. Through this
research work, the authors have tried to bridge this gap by proposing a modulation technique for
MMCs which considerably reduces both current and voltage total harmonic distortion (THD) by
injection of both higher and lower order harmonics. The combination of higher and lower order
harmonics is from hereon referred to as mixed-frequency signals. Modulating wave for phase
disposition pulse width modulation (PDSPWM) is injected with higher order signals in addition to
two lower order (5" and 7'") signals to achieve this reduction. The proposed modulation strategy
works effectively for all MMCs, but is primarily designed for low module number, low frequency
MMC setups. The paper is divided into seven sections; the second section discusses the basic
structure of MMCs and traditional modulation strategies, the third section deals with the harmonic
analysis of PDSPWM, followed by proposed modulation scheme in the fourth section. Simulation
results are presented in Section five, and in section six comparison with THIPWM is presented,

the paper concludes with the conclusion in section seven.

2. MMC AND TRADITIONAL MODULATION TECHNIQUES
The typical structure of MMC with embedded battery cells is shown in Figure 1. An MMC

phase arm consists of cascaded connection of ‘N’ such submodules (SMs) or cells whose number
and type can be varied according to the utility. Half-bridge SMs have been used in this paper
instead of other alternative SMs like full-bridge SMs or current source SMs, because of its simple
structure, high efficiency and low system cost?®. Two such phase arms (top and bottom) are
connected together, usually with inductors in middle to create a phase-leg. The submodules can be
half-bridge, full-bridge or other hybrid configuration cells?”. The submodule used in this paper
comprises of a bidirectional half-bridge converter and a floating electrochemical battery cell. Each
cell has two possible switching states, T1 is on, Tz is off (vy = v,..f), and T2 is on, Ty is off (v, =
0). The working of a single submodule is shown in Figure 2. The reference voltage v,..r for each

cell in the submodule is given by:

V,
Uref = be /N (1)

where V- is the voltage of the virtual DC bus. On average, the number of SMs activated in

a phase-leg equals N. The voltage level at the midpoint of the phase-leg is defined by the number
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of SMs that are connected in the top and bottom arms of the converter. When several SMs within
an arm are activated, they form a series connection of several SM voltage sources. This series
connection can generate voltages greater than individual SM voltage. By regulating the total
number of submodules connected in each arm of the leg, the voltage can be varied. The SMs are
selected intelligently to create pseudo sinusoidal output voltage. A three-phase system consists of
three phase legs. Reactors are inserted in the circuit to control the circulating currents and to limit
the fault currents. MMCs with embedded battery cells further have the advantage of being able to

operate at very low frequencies?.
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FIGURE 1. Modular Multilevel Converter
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FIGURE 2. MMC Submodule

The arm currents flow through the battery cells of the active SMs and either charge or
discharge the battery cells depending on their direction. The top and bottom arm currents?’ are

defined as:
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lge = lcirk T 1/2 I (2)
lgp = leirk — 1/2 I 3)

where i, is the phase k circulating current and i, is the phase k current. The top and

bottom arm voltages for phase k are given by:

Nv. Ldi dig
e g
Nvres L dij Aicirk
UV = —L 4 v - ] —=nx
kb > TVt 3o dt ()

where v, is the voltage of the k™ phase and L is the inductance of reactor. For each phase

leg, differential mode voltages can be defined as:

Vyam = [Vke — Vknl/2 (6)

For negligible L [28]:

Uxam = —Vg (7)

As can be observed from (6) and (7), the phase leg output voltage is dependent on differential
voltage only. Hence if the PWM is to be analysed, the best method would be to analyse differential
voltage?®.

PDSPWM has been generally used to obtain least THD for MMCs with low number of
SMs®: 3! To implement PDSPWM, carrier waves, each operating at frequency f. are level
displaced upon each other, and the intersection with sinusoidal waves are used to obtain switching
instances for each individual submodule. In this modulation technique, the two modulating waves
are displaced by 180° for the two arms in the same leg and differ by an angle of 120° among the

three legs, thus generating a balanced system.

3. HARMONIC ANALYSIS OF PDSPWM
Harmonics in voltage or current waveforms are sinusoidal components of frequencies

multiple of the fundamental frequency f:

fa=h.f (8)
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here h is a positive integer. The periodic deviation of the voltage and current waveforms
from fundamental is described in terms of the waveform distortion, often expressed using the THD.
The higher the harmonic components of a quantity, the larger the distortions of this quantity, thus,
larger deviations from the sinusoidal fundamental frequency. The voltage and current THDs are
defined mathematically as:

THDy = ~———*100 9)
1
{szz 1%}
THD; = ~————— 100 (10)
1

where V;, and I, are voltage and current rms value of the harmonic h, and V; and I; are rms
value of fundamental voltage and current component.

The harmonic content of the voltage depends only on the converter whereas the harmonic
content of the current depends also on the filtering action of the load and so it changes as function
of the load. For this reason, harmonic content of the voltage is a better indicator of the effect of
the modulation strategy on the harmonic content. Nevertheless, the harmonic content of the
current, in many applications, is more important than the one for the voltage. Since the majority
of the loads are inductive loads, it is preferable to move the harmonic content of the voltage in
high frequency so to use the natural filtering action of the load. In order to take into account this
effect and, at the same time, to obtain results that are not due to a specific load conditions, weighted
THD3! (WTHD) has been defined, giving a lower weight to high order harmonics. The WTHD is

defined as:

2.

WTHD = %100 (11)
4}

In this paper, for the aforementioned reasons, reference to the WTHD of the voltage will

also be made.
Previous literatures?® 2 have mathematically analysed the harmonics in differential voltage
in MMC in an effort to theoretically determine the output harmonic characteristics for PDSPWM

modulation. Differential voltages can be presented as:
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M Vp
Vydm = > cos(w0t+ Gx,y)
Z Z ]2n 1 (NmmM) cos((n — l)n) cos(2mwc pat
m=1n=—co
+(2n— Dwot + 6xy]), N even (12)
M Vpe
Vxam = 7 cos(w0t+ Gx‘y)

+ Z z L N J2n-1 (NmmM) cos((m +n —1m) cos(2mwcpqt

m=1n=—oo

+ (2n— D[w,t + 6,,]), N odd (13)

Here M is the modulation index, J,,(y) denotes the Bessel function of the first kind with
order n and parameter y, w4 is PD carrier angular frequency, w, is reference angular frequency,
and O, ,, is phase leg reference angles. Based on (7), (12) and (13) in addition to the observations
of Figure 4 and Table 1, it can be concluded that irrespective of N being odd or even, first sideband
group of harmonics in the MMC operating at PDSPWM in phase voltage is centred around the
frequency 2f. (or(2f. /)" harmonic). These frequencies and harmonics from now on in this
paper will be referred to as operating frequency and operating harmonics.

It is also worth noting that for a three phase MMC, the harmonics are of order 6p * 1, where
p is an integer. Harmonics of order 6p + 1 follow positive sequence, whereas harmonics of order
6p — 1 are of negative sequence. The injection pattern follows the pattern of phase sequence and
hence the injection pattern is different for both positive and negative sequence harmonics.
Interleaved PDSPWM technique is implemented for an MMC with three modules per arm
operating at carrier frequency of 900 Hz. The load chosen comprises of three phase resistance and
inductance of 20Q2 and 30mH. The MMC is operated at unity modulation index and provides a
50Hz sinusoidal three phase output. As can be deduced from the analysis presented above and
verified from Figure 3 and Table 1, the harmonics are located around 1.8kHz, satisfying the 2f;

condition.
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The THDV, THDI and WTHD for three module per arm setup are calculated as 14.37%,
0.8% and 0.35% respectively. The operating frequency and operating harmonics are 1.8kHz and

36" harmonic, respectively.
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FIGURE 3. PDSPWM; N=3; f, =900Hz; M=1

4. PROPOSED MODULATION SCHEME

The idea is to inject in the modulating signals, some harmonic components in phase
opposition with the ones produced by the modulation. These injected harmonics cancel out the
ones already present in the output voltage thus reducing the individual as well as the total harmonic
content. Harmonic injection is a technique widely used in the technical literature. Nevertheless,
usually, the order of the injected harmonic is much lower (i.e. on decade) than the switching
frequency (i.e. the carrier signal frequencies). This is to avoid switching at frequencies higher than
the expected one. Anyway, in MMC, the modulating signal can have high order harmonics not
directly affecting the switching frequency on the basis of the implemented modulation technique.
The idea of this paper is to exploit this characteristic of this converter, injecting, in the modulating
signal, harmonics at frequencies higher than the switching frequency.

Since in the spectrum are present infinite harmonics, it is clear that it is necessary to choose
which components have to be injected in the modulating signal. It is proved that the injection of
some selected harmonics can lead to very good results in terms of THD and WTHD reduction. The
pattern of sideband harmonics mentioned in previous section has been used as a reference to reduce
the resulting harmonic contents. To verify the proposition, as a first step, the injection of only one

harmonic is considered and then the selection and injection of multiple harmonics is analysed.
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4.1 Injection of one harmonic

To demonstrate the effect of injection of higher harmonics on spectrum, a sinusoidal wave
of frequency which is the next harmonic of the operating harmonic is selected. In this case, as
proposed in the previous section we have considered 36™ harmonic as the operating harmonic,
therefore the harmonic selected to be injected is 37" harmonic. To perform harmonic injection, the
amplitude and phase of 37" harmonic is fed initially from output characteristics. A sinusoidal wave
of same amplitude and frequency as 37™" harmonic, but in phase opposition of the selected 37
harmonic is injected in the modulating wave. A block diagram representing this idea is presented
in Figure 4 and the effect of injection on harmonic spectrum is presented in Figure 5. The major
harmonic content and their comparisons with the case of no harmonic injection is presented in
Table 2.

As can be seen from both Figure 5 and Table 2, the targeted harmonic reduces by almost
half in both voltage and current content in comparison to the case of no harmonic injection. The
37" voltage harmonic decreases to 1.95% from 3.64% whereas the total THD also comes down to
13.83% from 14.38%. But, the current THD and WTHD are increased to 0.87% and 0.38%, from
0.8% and 0.35%, respectively. This rise can be attributed to the increasing of lower order
harmonics, mainly 5™ and 7' harmonic.

Injection of single harmonic although results in improved THD, but the reduction in THDV
is not much and in order to improve upon this, multiple harmonics are injected into the modulating

wave.
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FIGURE 4. Block diagram for injection of single harmonic
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4.2 Injection of Multiple harmonics

To decrease the harmonics further, multiple higher harmonics are proposed to be injected in
the modulating wave. Based on the harmonic spectrum in Figure 4, four major harmonics are
proposed to be injected by authors. These are operating harmonic1 (35" and 37", operating
harmonic-5 (31%), and operating harmonic +7 (43™). Of these 4 harmonics, three harmonics (31%,
37" and 41%) are of positive phase sequence and one single, 35" harmonic is of negative phase
sequence. After the injection of aforementioned harmonics, the THDV for three module model
comes down to 11.84%, 2% reduction compared to previous case of only 37" harmonic injection.
But, both THDI and WTHD increase to values 1.07% and 0.47%, from 0.87% and 0.38%
respectively.

A block diagram representing the injection of multiple harmonics is presented in Figure 6.
The harmonic spectrum after injection is shown is Figure 7 and the content of major harmonic
with their increment or decrement compared to previous case of only 37" harmonic injection case
is presented in Table 3. As can be observed, the injection of multiple harmonics causes the lower
order harmonics to increase along with the neighbouring harmonics of the operating harmonic.
The rise in THDI can be credited to this relocation of harmonics. Also, due to the injection, the
phase and amplitude of the generated voltage harmonics changes. For this reason, in order to obtain
a better cancellation of targeted harmonics, the injected harmonics need to be controlled in closed

loop.
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FIGURE 6. Block diagram for injection of multiple harmonics
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4.3 Closed Loop Control of Harmonics

As the harmonics are injected, magnitude and phase of the targeted harmonics changes. The
open loop system described above fails to consider these changes. An improvement over this is
the closed loop control of the system, in which significant harmonics measured at the output are
fed back in the modulating signal with same frequency and in phase opposition to the measured
harmonic and with gains adjustable according to the requirement by the converter. The closed loop
control block diagram is shown in Figure 8.

To elaborate upon superiority of closed loop control, the four selected harmonics of previous
uncontrolled case are injected again, in closed loop control. The THDV, THDI and WTHD, all
come down to 11.78%, 0.98% and 0.46%, from 11.84%, 1.07% and 0.47%, respectively. It is very
evident from table that rise in THDI is due to increase in amplitude of lower order harmonics. This
problem is solved in the next subsection. The harmonic spectrum after controlled injection is
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plotted in the Figure 9, whereas the harmonic content of major harmonics and their increment or

decrement in comparison to uncontrolled injection of these four harmonics is shown in Table 4.
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FIGURE 8. Block diagram of close loop control of harmonics

Phase to Phase Voltage Spectrum

-
(=]
=

Harmonic Magnitude
=
L

A E 1 BTN |

19 36 54 72 108 126 144
Harmonic Order

FIGURE 9. PDSPWM; N=3; f. =900Hz; M=1; Controlled injected harmonic: 31%, 37",
43" and 35™
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4.4 Lower Harmonic Injection

Since injection of high order harmonics presents problem of increase in lower order
harmonics, lower order harmonics are also injected in the modulating signal to resolve the issue.
Since 5™ and 7™ harmonics rise considerably by injection of higher order harmonics, these two are
chosen to be fed in the modulating wave in phase opposition to the output measurements.

After injection of lower order harmonics, the THDV, THDI and WTHD come down
drastically to 10.87%, 0.7% and 0.28%, respectively compared to 11.78%, 0.98% and 0.46% in
the previous case of controlled injection of only higher order harmonics. The harmonic spectrum
after controlled injection of both selected lower and higher order harmonics is plotted in the Figure
10, and the harmonic content of major harmonics and their increment or decrement in comparison

to previous case on only higher harmonic injection is presented in Table 5.
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The Table 6 summarises the findings of this paper in terms of harmonic content. As can be
observed, harmonic contents after injection of lower harmonics are much lower than the harmonic
content without injection, thus proving efficiency of scheme by giving 25% reduction in voltage
THD, 12.5% reduction in current THD and 20% reduction in WTHD. Table 7 discusses the
displacement power factor, distortion power factor®* and true power factor for the cases discussed
in Table 6.

5. SIMULATION RESULTS
To verify the results presented in the paper and in order to demonstrate the applicability of

the scheme in real life situation, the scheme is tested under dynamic conditions on MATLAB-
SIMULINK. Figure 11 shows the variation in harmonic spectrum of modulating wave, line voltage
and line current before and after the harmonic injection scheme is switched on at time t=0.2
seconds for 3 Module per arm MMC operating at 900Hz. The 3 phase RL load is set at 20Q2 and
30mH. The modulating signal, as in Figure 11a and Figure 11b, has some more harmonic content
after switching on the control scheme. These harmonics are injected to reduce the harmonic
content. The scheme reduces the THD in the output voltage and current from 14.37% to 10.87%
and 0.8% to 0.7% respectively. WTHD also comes down from 0.35% to 0.28%.
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FIGURE 11. Simulations showing effect of control scheme, starting at 0.2 seconds on (a)
Modulating signal (before transition), (b) Modulating signal (after transition), (c) Ph-Ph Voltage
(before transition), (d) Ph-Ph Voltage (after transition), (e) Phase Current (before transition), (f)

Phase Current (after transition)

The switching instances of each switch are measured in relation to time, and the average
switching instances are computed by summing individual switching instances and dividing by the
number of switches involved. This is simulated for both the cases of injection and non-injection
of harmonics, and the results are presented in Figure 12. As is clearly visible, harmonic injection
carried out to reduce THD and WTHD initially introduces some extra switching instances during
the transient period, but as the system stabilises, the switching instances and hence the switching

frequency in the harmonic injection case becomes lower than the case of no injection.
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FIGURE 13. Comparison of the proposed topology on (a) Voltage THD, and (b) Weighted
THD

6. COMPARISON WITH THIPWM
THIPWM has been one of the most commonly employed modulation scheme for harmonic

reduction in literature™ 2°. Figure 13a and 13b compare the performance of THIPWM with
proposed modulation scheme based on voltage THD and WTHD measurements. As can be seen,
the proposed modulation works significantly better at lower carrier frequencies, which is the
proposed target application. Figure 14a shows the ratio of WTHD of proposed modulation over
standard PDSPWM as a function of both carrier frequency and modulation. Figure 14b compares

WTHD of proposed modulation with THIPWM on same parameters.
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7. CONCLUSION

An innovative modulation technique to reduce THD in MMCs with embedded battery cells
by injecting selected harmonics in modulating wave is proposed. The major innovation is in the
frequency of these injected harmonics that is kept considerably higher than the carrier frequency.
Both closed and open loop controls are discussed, and advantages and drawbacks have been
discussed. Using the proposed modulation technique, voltage THD is brought down by 20-30%,
current THD is brought down by around 10-15% and WTHD is brought down to 15-20%, without
any counter-effect. Simulations are performed and tested on MATLAB-SIMULINK verifying
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both steady state and dynamic performance of the proposed scheme. The system with control
scheme is stable for both the results and is a good solution to be used in high precision, low
frequency, low module count modular multilevel converters. The proposed modulation is
compared to PDSPWM and THIPWM to demonstrate the improvements that controlled harmonic

injection provides.
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TABLE 1. Major harmonics for interleaved PDSPWM; N=3; f. =900Hz; M=1

Harmonic order Voltage [%] Current [%]

5 0.03 0.01

7 0.05 0.02

29 6.19 0.50

31 3.11 0.23

35 3.65 0.24

37 3.64 0.23
41 3.07 0.18

43 6.19 0.34
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TABLE 2. Harmonic content for interleaved PDSPWM; N=3; f. =900Hz; M=1; Injected

harmonic; 371

Harmonic order Voltage [%] (% change)  Current [%] (% change)
5 0.52 (+1633%) 0.22 (+2100%)
7 0.97 (+1840%) 0.31 (+1450%)
29 6.24 (+0.8%) 0.50 (+0%)
31 3.08 (-0.64%) 0.23 (+0%)
35 3.64 (-0.27%) 0.24 (+0%)
37 1.95 (-46%) 0.12 (-48%)
41 3.31 (+7%) 0.19 (+5%)

43 5.72 (-7%) 0.31 (-9%)
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TABLE 3. Major harmonics for interleaved PDSPWM; N=3; f. =900Hz; M=1; Injected

harmonic; 31, 351 37" and 43"

Harmonic order

Voltage [%] (% change)

Current [%] (% change)

5
7
29
31
35
37
41
43

0.26 (-50%)
2.66 (+174%)
5.21 (-17%)
1.65 (-46%)
1.41 (-61%)
2.32 (+18%)
3.92 (+18%)
2.84 (-50%)

0.11 (+50%)
0.85 (+174%)
0.42 (-16%)
0.12 (-48%)
0.09 (-63%)
0.15 (+25%)
0.22 (+16%)
0.16 (-48%)
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TABLE 4. Harmonic content for PDSPWM; N=3; f. =900Hz; M=1; Controlled injected

harmonic: 31%, 371 43 and 35"

Harmonic order

Voltage [%] (% change)

Current [%] (% change)

5
7
29
31
35
37
41
43

0.75 (+188%)
1.89 (-29%)
6.19 (+18%)
1.12 (-32%)

1.39 (-1%)
0.91 (-61%)
4.49 (+14%)
2.55 (-10%)

0.31 (+182%)
0.62 (-27%)
0.52 (+23%)
0.08 (-33%)
0.10 (+11%)
0.06 (-60%)
0.26 (+18%)
0.14 (-13%)




HARMONIC DISTORTION REDUCTION BY INJECTION IN MMC

26

TABLE 5. Harmonic content for PDSPWM; N=3; f. =900Hz; M=1; Controlled injected

harmonic; 5™, 7t 315t 37t 43 gnd 35

Harmonic order

Voltage [%] (% change)

Current [%] (% change)

5
7
29
31
35
37
41
43

0.32 (-58%)
0.55 (-71%)
5.81 (-6%)
0.73 (-35%)
0.77 (-44%)
0.58 (-36%)
3.43 (-23%)
2.30 (-10%)

0.13 (-58%)
0.18 (-71%)
0.47 (-10%)
0.05 (-37%)
0.05 (-50%)
0.04 (-33%)
0.20 (-23%)
0.13 (-7%)
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TABLE 6. Summary

27

Harmonics Injected Method of VTHD [%] ITHD [%)] WTHD [%)]
injection (% change) (% change) (% change)
None - 14.37% 0.8% 0.35%
37 u* 13.83% (-4%) 0.87% (+8%) 0.38% (+9%)
31, 35, 37 and 43 u* 11.84% (-17%) 1.07% (+33%) 0.47% (+34%)
31, 35, 37 and 43 c* 11.78% (-18%) 0.98% (+22%) 0.46% (+31%)
5,7, 31, 35, 37 and 43 c* 10.87% (-24%) 0.7% (-13%) 0.28% (-20%)

U*: Uncontrolled Injection, C*

: Controlled Injection
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TABLE 7. Power Factor Summary

Harmonics Injected Method of ITHD [%] Displacement ~ Distortion True Power
injection (% change) Power Factor Power Factor Factor
None - 0.8% 0.9046 0.99997 0.90457
37 u* 0.87% (+8%) 0.9046 0.99996 0.90456
31, 35, 37 and 43 u* 1.07% (+33%) 0.9046 0.99994 0.90454
31, 35, 37 and 43 c* 0.98% (+22%) 0.9046 0.99995 0.90455
5,7,31,35,37and 43 Cc* 0.7% (-13%) 0.9046 0.999975 0.90458

U*: Uncontrolled Injection, C*: Controlled Injection
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