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Power Harmonic Component Suppression
in case of Un-Ideal Electro-motive Forces

Paolo Meloni, Alessandro Serpi
Department of Electrical and Electronic Engineering
University of Cagliari
Cagliari, Italy

Abstract—A control system to suppress power Harmonic
Components (HCs) when supplying an electric grid or motor
characterized by un-ideal three-phase electro-motive forces
(emfs) is presented in this paper. The proposed method can be
applied in case of any three-phase emfs consisting of a certain
number of HCs, each of which made up of positive-, negative-,
and/or zero-sequence components. Based on emf features,
different three-phase reference currents can be defined in
accordance with the available degrees of freedom and power HC
suppression targets. These reference currents are tracked by
means of a deadbeat predictive current control algorithm, which
is developed in the stationary reference frame to account for a
possible wide and dense current harmonic spectrum. The
effectiveness of the proposed solution is verified though a
simulation study, whose results confirm the validity of the
proposed theoretical approach.

Keywords—Current control, Harmonic analysis, Power

conversion harmonics, Predictive control

L INTRODUCTION

Current control systems are widely employed for both
electric drives and grid-connected power electronic converters
in manifold applications [1], ranging from industrial drives
and electric propulsion systems to renewable energy power
plants and energy storage systems. A current control system
must ensure an appropriate tracking of the reference currents,
which can be either self-defined in accordance with given
targets or inputted by a higher control level. Regarding electric
drives, reference currents are generally defined in accordance
with electromagnetic torque and magnetic flux needs, whereas
they are generally enslaved to the required active and reactive
power flow in case of grid-connected converters.

Regardless of the specific application, reference currents
are defined in accordance with system model, which generally
encloses a three-phase electro-motive force (emf). The latter
can be either speed-dependant in case of an electric drive, or
ideally constant in case of grid applications. The emf is also
generally assumed characterised by just the fundamental
positive-sequence harmonic component, especially for control
system design purposes. However, un-ideal emfs generally
occur, namely emfs characterised by different sequence and/or
harmonic components caused by different phenomena [2]-[4].
In these cases, injecting ideal reference currents unavoidably
leads to power Harmonic Components (HCs), which may
cause excessive torque ripple (in case of electric drives) or
power fluctuations (in case of grid applications).

Most of the literature focuses on suppressing and/or
mitigating current HCs, especially in grid applications, e.g.
[4]-8]. However, there are some studies that address Power
HC Suppression (PHCS) too. Particularly, power ripple due to
un-ideal emfs is mitigated in [9]-[11], but without exploiting
high-order current HCs. These are instead employed in [12] to
achieve smooth active and reactive powers, by developing a

current control system into the stationary reference frame. A
similar approach is proposed in [13], but specifically referring
to 5%- and 7"-order HCs so that a proportional-integral-
resonant current controller can be employed in the
synchronous reference frame.

In this context, a PHCS strategy is proposed in this paper.
Differently from previous studies, the proposed methodology
can be applied in presence of any three-phase emfs, whose
features concur to determine the most suitable reference
currents to inject. Additionally, the proposed strategy focuses
on power rather than current HC suppression, namely
different reference current profiles can be defined depending
on number and kind of emf HCs (i.e., positive-, negative-,
and/or zero-sequence components), as well as the desired
PHCS targets. Once the reference currents have been defined,
they are tracked by means of a deadbeat predictive current
control algorithm, which has been developed in the stationary
reference frame to ensure an appropriate tracking given the
possible wide and dense current harmonic spectrum. The
validity and effectiveness of the proposed approach has been
tested through a simulation study, which has been carried out
in MATLAB-Simulink and regards different cases and current
profiles. The corresponding results confirm the proposed
theoretical analysis, also showing some practical limitations
and interesting future trends.

II.  SYSTEM MODELLING

A. Phase quantities

A generic three-phase quantity u,, be it a voltage, a current
or a power, can be expressed as

u = ZUih) cos(h(&—%ﬁ(x—])—(ﬂih))) , Y=ot (1)
h=0
in which x € {1,2,3} denotes the R, S, or T phase alternatively,
U™ and ¢p™ are magnitude and angular displacement of the h-
order harmonic component, while $ and w are the grid voltage
angle and fundamental angular frequency, respectively.
Applying the Euler’s formula to (1) yields

u, = §Z (uih)e-//1§”(x-1)ej/7g n Jih)ejhgn(x-z)e,jhg) )
h=0

in which u,’” denotes the h-order phasor of the phase x:
ul) =u e 3)

while ~ denotes the conjugate operator.

Still considering a three-phase system, the phase quantities
can be combined to each other by means of the Clarke’s
transformation to achieve the corresponding space vector as
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in which the off components identify the well-known
stationary reference frame, while y denotes the zero-sequence
component. Therefore, substituting (2) in (4) yields
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in which +, —, and 0 denote positive-, negative-, and zero-
sequence components, respectively:
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B. Power harmonic content

Given that both voltage and current space vectors can be
defined by (5)-(6) on condition that u is replaced with e and i,
respectively, it is possible to express the complex power (s) as

§=p+jg=3e,i,+3e,i, (7)
in which p and ¢ denote active and reactive power,
respectively. Substituting (5) in (7) yields

5= z (Sih—k)ei/'(h—k)s " s(ih+k)ei/'(h+k)9) (8)
hk=0
where 4 and & denote voltage and current HC order, while:
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Focusing on (8), this reveals that a generic pair (h,k) generally
leads to two rotating and two counterrotating power space
vectors, whose harmonic order are (h-k) and (h+k).
Consequently, different power harmonic contents can be
achieved depending on number and order of voltage and
current HCs, as well as on their sequence components (i.e.
positive-, negative- and/or zero-sequence).

III. POWER HARMONIC COMPENSATION

A. General guidelines

Given (7)-(8), active and reactive power can be expressed
separately as:

p=4(s+75)=2(p
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Considering either (8) or (10), two main cases can be
identified, as highlighted in Table I and pointed out in the
following:

e when A& = k, the corresponding power harmonic
content is limited to £(h+k), while a constant power
component can be achieved,;

e when / # k, both low-frequency and high-frequency
power HCs occur, namely +(h—k) and +(h+k), while
no constant power is achieved.

As the voltage is generally given, the collection H that groups
all the / indexes should be known “a priori”. Consequently,
the collection K that groups all the & indexes can be defined to
suppress or mitigate the power harmonic content. In this
regard, the following considerations should be taken into
account:

e three independent variables are available for each
injected current HC, namely i-, i_, and iy;

e ensuring reference active and reactive powers reduces
the number of independent variables by one;

e suppressing a power HC completely, i.e. from both p
and ¢, results into two constraints as both positive-
and negative-sequence should be compensated for,
while suppressing a power HC from just p or ¢
requires a single constraint;

e increasing the number of current HCs slowly
increases power harmonic compensation capability
because it also increases the number and order of
power HCs to compensate for.

The general guidelines introduced above can be clarified
further by an explanatory example, namely by assuming H =
{1,2}. In this case, choosing K = {1} would lead to just three
current phasors in the face of seven power harmonic space
vectors (0,£1, £2, +3), as shown in Table 1. Therefore, power
harmonic ~ compensation ~ would be  significantly
overdetermined, namely just one over the three undesired
power HC can be fully suppressed. Alternatively, two over
three power HCs could be removed from either p or g, thus
full power harmonic compensation is totally prevented.

Still assuming H = {1,2}, different considerations apply by
choosing K = {1,2}. In this case, even if the number of power
space vectors increases from seven to nine (0,£1, +2, +3, £4),
the number of independent variables increases more (from
three to six). Consequently, five over eight undesired power
harmonic space vectors can be fully suppressed or, more
important, a full power harmonic compensation can be
achieved on either p or g.

Still assuming H = {1,2}, increasing the number of current
HCs beyond /4 = 2 brings additional benefits, as detectable
from Table I. In particular, choosing K = {1,2,3,4,5} leads to
fifteen current phasors in the face of fifteen power harmonic

TABLEI. POWER HARMONIC COMPONENT MAP
K h 0 1 2 3 4 5 6 7
0 0 +1 +2 +3 +4 +5 +6 +7
1 +1 042 | £1,3| +24| £3,5| +4,6| £5,7| 6,8
2| 2| +13] 044| £1,5| +2,6| +3,7| +4,8| 459
3 +3 2410 £1,5] 06| £1,7| £2,8| £39| +4,10
4 +4 3.5 £2,6 £1,7| 048 £1,9| £2,10| £3,11
5 +5 4,61 £3,7| +2,8| +£1,9| 0,£10 | 1,11 | £2,12
6 +6 57 #4811 £39| £2,10| £1,11] 0,412 | 1,13
7 +7 +6,8 | £59| £4,10 | £3,11 | £2,12 | 1,13 | 0,£14




space vectors (0,1, £2, £3, +4, £5, +6, 7). Consequently,
full power harmonic compensation can be achieved, but
current harmonic content would be excessively rich.

Based on the previous considerations, it can be stated that
injecting current HCs whose order is higher than A, is not
recommended, namely k.. should be always less than or
equal to Auqe. Additionally, making kuae = Amac 1s generally
advisable as the interaction between voltage and current HCs
of the same order results in constant power, while additional
variables improve power harmonic compensation capability.

B. Casestudy: H= {1}, K= {1}
Substituting # = / and k = 7 in (8) yields:
s = (S(O) +S(U))+s£2)ej” +sVe? (12)

+ —

in which s and 5./ can be deduced from (9). Therefore, a
full power harmonic compensation requires imposing the
following constraints:

s 450 =g,

+ —

s =5 =0 (13)

where s* denotes the reference complex power. Solving (13)
leads to the following current phasors:
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Considering (14), it is worth highlighting that this does not
hold in some cases, e.g. iy is undefined when ¢; equals zero
because it does not contribute to any power component in
accordance with (7). Consequently, the number of
independent variables reduces (from three to two) and, thus, a
full power harmonic compensation is prevented. Similarly,
when E;+ = E;_, o,- nullifies, making (14) not applicable
further; this means that (13) does not have any valid solution,
thus a full power harmonic compensation cannot be achieved.

Different considerations can be made when compensating
for p HCs only. Particularly, (13) is replaced with:
sﬁo) +S£0) =5, sﬁz) = —E_(z) . (16)
As just two constraints occur in face of three current phasors,
the problem is underdetermined. Therefore, by nullifying the
zero-sequence current phasor for the sake of simplicity, the
following solution can be achieved:

D 2 e (p*GH _jq*aff)

(1
l(())ZO’ + 3E2
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O-I—GH
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(1) + 3 @2
e, E;, 0, 0y,

It is worth noting that also (17) does not hold when E;+ = E_
as o, nullifies.

C. General procedure

The method presented for the case study can be applied to
any (H,K) combination, namely an extension of either (13) or

(16) can be imposed to achieve a linear system of equations,
whose variables are the current phasors. Solving that system
results in defining reference current phasors like those
expressed by either (14) or (17). Regarding the latter, iy does
not necessarily need to be nullified, e.g. it can be set suitably
to minimize phase current magnitudes. In some cases,
overdetermined or underdetermined linear systems could be
achieved: the former can be solved by reducing the number of
power HCs to compensate for, whereas the latter results in
choosing some current phasors in accordance with additional
criteria, e.g. equation simplifications or further optimisation
targets.

IV. CONTROL SYSTEM DESIGN

Once the reference currents have been defined, it is
necessary to track them at best by means of a suitable control
system. As far as a certain number of current HCs could be
concerned, the well-known conventional PI-based current
control system in the synchronous dq reference frame does not
seem longer suitable because reference dq currents would not
be constant. Additionally, as the current to inject can have a
wide and dense harmonic spectrum, the employment of
resonant controllers does not seem advisable. Decoupling
current HCs from each other could seem a viable solution as
it would enable a number of PI-based current control loops in
appropriate synchronous reference frames. However, such a
decoupling would require the employment of low-pass filters,
which prevent a perfect decoupling, also introducing
unsuitable delays that impair control system dynamic
performance.

Given the previous considerations, a deadbeat predictive
current control approach seems the most suitable choice to
implement the proposed PHCS [14]. This is because this
control technique can be applied in the af stationary reference
frame, thus it is able to track any reference current profile with
appropriate dynamic performance. On the other hand, model-
based predictive control techniques suffer from well-known
drawbacks, especially they are highly sensitive to model
mismatches, parameter variations and uncertainties. However,
the latter could be overcome by on-line parameter
identification procedures, as the one proposed in [15].

The proposed PHCS, which has been developed based on
the setup shown in Fig. 1, is depicted in Fig. 2. In particular,
the setup consists of a three-phase power electronic converter
supplied by a DC voltage source and coupled to the electric
grid through a simple inductive filter. Consequently, the
following equation hold:

di,

v.o=ri +L ” +e, (18)

x

in which » and L denote phase resistance and equivalent
inductance of the filter, while v is the phase voltage. It is worth
noting that, given (4), x can denote either one of the three
phases {R,S,T} or one of the space vector components {ofy}.

emmeemeeemeeemeeeeoeeeoeenieiieeieae 4>
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Fig. 1. System setup.
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Fig. 2. The proposed PHCS control system: Reference Current Generator
(RCG), Deadbeat Predictive Current Control (DPCC), Pulse Width
Modulator (PWM).

The exact sample data model of (18) referred to the generic
[k,(k+1)]Ts sampling time interval can be thus achieved as

4 Ak —r T
i = (1) gl ) e, r=e T g= (19)

on condition that 75 is sufficiently small compared to /L and
that 1/7j is fairly larger than any HC angular frequency (wx)
so that the following assumption hold:

et & q 4 (5+ jo,)T, . (20)
Therefore, based on (19),
components can be computed as

W = (i (- ge)). xelapr) . @)
ref g\/7 xref ( . ) { }

the voltage space vector

In conclusion, the corresponding phase voltages can be
achieved by inverting (4) and imposing the compliance with
the voltage saturation constraint, as highlighted in Fig. 2.

V. SIMULATIONS

The effectiveness of the proposed PHCS control system
has been verified through a simulation study, which has been
carried out in MATLAB-Simulink with reference to the setup
shown in Fig. 1, and to the parameters resumed in Table II.
Particularly, power system components have been modelled
through the Simscape Electrical library, by employing ideal
averaged switch models for the DC/AC converter, with a
sampling time interval equal to 100 ps. This choice speeds up
simulations without impairing their outcomes as switching
effects are not relevant to the present study. The proposed
PHCS control system is instead modelled through the main
Simulink library, and the PWM block shown in Fig. 2 has been
replaced with its averaged counterpart. Grid voltages have
been set as in Table III, by considering two different cases; in
case I, grid voltages consist of 1%-order HCs only (positive-,
negative-, and zero-sequence components), whereas 2"-order
HCs have been also included in case 1.

Simulations have been carried out by employing three
different sets of reference currents sequentially, as pointed out
in Table IV. Regardless of the specific case, 1¥-order positive-
sequence reference currents have been used first (cases [.A
and I1.A), thus ignoring any higher-order voltage HCs, as well
as negative- and zero-sequence voltage components.
Subsequently (cases 1.B and II.B), reference currents have
been imposed in accordance with (14), namely to fully
suppress as many power HCs as possible. This requires
excessive zero-sequence current HCs, as detectable from
Table IV, hardly achievable in practice. However, it is worth
noting that such a large zero-sequence current HC derives

from weak zero-sequence voltage HCs (Table III). Therefore,
much smaller zero-sequence current HCs could be achieved in
case of more significant zero-sequence voltage HCs. Last
(cases I.C and II.C), reference currents have been set in
accordance with (17) to suppress HCs from active power only.
However, in case I1.C, the zero-sequence current component
has been set different from zero to mitigate phase current
magnitude. Table IV reveals that, differently from the
previous cases (I.B and II.B), much less significant zero-
sequence current HCs are required, making this strategy more
feasible to implement in practice.

Simulation results are reported from Fig. 3 to Fig. 10,
while HC magnitudes and Total Harmonic Distortion (THD)
values are resumed in Table V and Table VI, respectively.
Focusing on case I first, Fig. 4 confirms what expected,
namely excessive current magnitudes are required to fully
suppress HCs from both active and reactive powers (case 1.B).
These current evolutions are also quite similar to each other as
they are predominated by the zero-sequence component, as
pointed out in Table IV. This control strategy leads also to
significant power fluctuations in each phase (Fig. 5), although
it succeeds in suppressing power HCs completely (Fig. 6). It
is worth noting that the proposed deadbeat current control
algorithm ensures a good tracking of the reference current
profiles as the active power dip occurring at 60 ms is due to
unoptimized voltage saturation management only. Much
better results are achieved when compensating for active
power HCs only (case 1.C), namely current magnitudes
decreased significantly, becoming quite similar to those
achieved in case I.A, although reactive power ripple increases.

Similar considerations can be made with reference to case
II, although some differences occur. Since a full PHCS is
prevented in accordance with what stated in Section III,
suppressing low-order power HCs (1%t and 2™ on p and ¢, also
3" on p) increases 4"-order power HC and ripple unsuitably
(case II.B, Fig. 10). Better results are achieved by
compensating for active power HCs only (case I1.C), although
current magnitudes and phase power fluctuations seem still
excessive (Fig. 8 and Fig. 9, respectively).

TABLE II. SIMULATION PARAMETERS AND RATED VALUES

Symbol | Vi r L E, f I, P,
Value | 1000 1 850 230 50 10 4.88
Unit v mQ uF Vims Hz A kW

TABLE III. GRID VOLTAGE HCS?

eV ) e ) e? ef?

N NS NSNS BN RN RS

case | - - - - - -
1.00/ 0 30.05/1.1730.01| 0
case IT 0.02| 0 ]0.05/0.25{0.01| O

®Voltage magnitudes are in per unit (base voltage = 230 Vyms, base angle = 1)

TABLE IV. REFERENCE CURRENT PHASORS®

i i iV i i® i?

casel] || | L Il L f e
tafiefors) - | - - - - - - - -
1.B| 1.07 |-0.16] 0.05 |-0.68 267 |-032] - | - | - | -
1.q 112 [-oasfoos |03t - | - ) - | - | - | -] -
nAfzjoas) - | - - - - - - -] -
1B 1.16 |-0.14] 0.06 |-0.69] 2.91 |-0.31] 0.03 |-0.01] 0.24 |-0.46] 3.75 |-0.79
1.CJ 1.15 |-0.14] 0.08 | 0.24 ] 0.73 | 0.90 | 0.00 | 0.25 ] 0.05 |-0.45] 0.03 |-0.61

b Current magnitudes and angles are in per unit (base current = 10 A, base angle = )
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Fig. 3. Emf evolutions achieved in case I: .A (from 0 to 60 ms), I.B (from
60 to 120 ms), and I.C (from 120 to 180 ms).
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Fig. 4. Current evolutions achieved in case I: LA (from 0 to 60 ms), I.B
(from 60 to 120 ms), and I.C (from 120 to 180 ms).
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Fig. 5. Power evolutions achieved in case I: I.A (from 0 to 60 ms), I.B (from
60 to 120 ms), and I.C (from 120 to 180 ms).
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Fig. 6. Active and reactive power evolutions achieved in case I: I.A (from
0 to 60 ms), I.B (from 60 to 120 ms), and I.C (from 120 to 180 ms).
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Fig. 7. Emf evolutions achieved in case II: ILLA (from 0 to 60 ms), I1.B
(from 60 to 120 ms), and II.C (from 120 to 180 ms).
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Fig. 8. Current evolutions achieved in case II: IL.A (from 0 to 60 ms), I1.B
(from 60 to 120 ms), and II.C (from 120 to 180 ms).
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Fig. 9. Power evolutions achieved in case II: II.A (from 0 to 60 ms), II.B
(from 60 to 120 ms), and II.C (from 120 to 180 ms).
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Fig. 10. Active and reactive power evolutions achieved in case II: I.A
(from 0 to 60 ms), IL.B (from 60 to 120 ms), and II.C (from 120 to 180 ms).

TABLE V. HC MAGNITUDES®

Case LA LB 1.C ILA LB 1.C

HC| o | |2¢) 0 | 1o |20 0 | 1 |20 0 | 70 | 200 | 30 | g | g | g | 20d | 3 | g | g | v | 2 | 3| 4
el - (098] - | - jo98| - | - 098 - | - |o9g|oo8| - | - | - [098]008 - | - | - 098008 - | -
es] - 103 - | - [1o3] - | - [1o3] - | - |ro3j004] - | -] - [1o3]004| - | - | - [103]0.04] - | -
el - 1099 - | - 099 - | - [099] - | - [099]0.04] - | - | - 099004 - | -] - [099]0.04 - | -
| - 12| - | - fe22| - | - 17| - | - jra2) - - | - | - 680|731 - | - | - |o3t]001| - | -
is| - (2| - | - (547 - | - Jro7) - | - vz - | - | | - 5970776 - | - | - 2320009 - | -
in| - (12 - | - 447 - | - a2 - | - a2 - | - | -] - 488744 - | - | - |221]008] - | -
pr{0.32| - |036|1.17| - |2.03]033] - |038[0.32/0.03]036/0.03| - |1.28]/220|2.21|2.46|0.20/0.10|0.01 |0.10|0.01 | -
ps]034] - 1039126 - |1.89]032| - |037]0.34[0.01]039[0.01 - |1.20 2.61|2.06 2.65]0.10]0.40 0.03 0.80|0.03| -
pr|034| - 037|144 - 148|035 - |037[0.34]0.01]0.37 0.01| - |1.48]2.43 1.62|2.41|0.10]0.69(0.02|0.73|0.04| -
pl1oo| - [o006]100| - | - froo - | - [100]0.02/006[0.06| - |roo| - | - | - |o1s|ro0] - | - | - | -
qos0| - [o006]os50 - | - fo.50] - |0.11]0.50]0.02|0.06(0.06| - |os0| - | - [030]0.01]0.500.02]0.14] 0.1 | -

© All magnitudes are in per unit (base voltage = 230 Vims, base current = 10 A, base power = 4.88 kW-kVAR)



TABLE VI. THDS (PU)

LA | IB | I.C |ILLA | ILB | II.C

er| - - - 10.09 | 0.09 | 0.09
es| - - - 10.04|0.04|0.04
er|] - - - 10.04|0.04|0.04
ir| - - - - 1.08 | 0.02
is] - - - - 1.30 | 0.04
i - - - - 1.52 | 0.04

pr| 1.13 | 1.73 | 1.15 ] 1.14 | 3.10 | 1.05
ps| 1.14 | 1.49 | 1.16 | 1.14 | 3.54 | 1.99
pr| 1.08 | 1.03 | 1.06 | 1.09 | 2.55 | 1.06
p] 0.06 | - - 1008 (015] -

q] 0.11 - 1022]0.16 | 0.59 | 0.34

In conclusion, THD has been computed for each voltage,
current, and power, whose values are reported in Table VI. In
this regard, it is worth noting that, differently from voltages
and currents, the power THD has been computed with
reference to the zero-order instead of to the 1%-order HC. The
THD values confirm that cases I.B and I1.B result in excessive
power and/or current distortion, while much better results are
achieved in cases I.C and I1.C. Particularly, active power HCs
can be fully suppressed in case II.C at the cost of slightly
increasing current THD (2-4%) and, to a more extent, reactive
power ripple.

VI. CONCLUSION

A current control system that defines and tracks reference
currents to suppress power Harmonic Components (HCs) in
either electric drives or grid-connected power electronic
converters has been presented in this paper. The proposed
method can be applied in case of any three-phase electro-
motive force, especially those characterized by multiple
sequence and/or harmonic components. Simulation results,
which refer to two different scenarios, confirm the validity of
the proposed theoretical analysis, but showing some eventual
limitations. Particularly, it has been shown that suppressing
HCs from both active and reactive powers may require
excessive zero-sequence current HCs, leading to unfeasible
current magnitudes and distortion. On the other hand,
suppressing HCs from active power only seems a more
promising solution, although it comes at the cost of increased
current distortion. In the light of the results shown in the paper,
the definition of a sound guideline on this topic requires
further and more extensive studies, especially by considering
a large number of HCs so that the proposed method can be
generalised and assessed successfully. This will be
investigated in the incoming future, and the corresponding
results will be presented in future works.
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