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Abstract: Energy storage systems play a key role in the rise of distributed power generation systems,
hence there is great interest in extending their lifetimes, which are directly related to DC current
ripple. One of the ripple sources is the low-frequency active power fluctuations under unbalanced and
distorted grid voltage conditions. Therefore, this paper addresses a multifrequency control strategy
where the harmonic reference currents are calculated to reduce harmonic active power oscillations.
The stationary reference frame (StRF) approach taken here improves the precision and computational
time of the current reference calculation method. Additionally, in order to ensure safe converter
operation when a multifrequency reference current is provided, a computational efficient peak current
saturator is applied while avoiding signal distortion every time step. If the injected current harmonic
distortion is to be minimized, which is a feature included in this work, the peak current saturator is a
necessary requirement. Active power ripple is reduced even with frequency variations in the grid
voltage using a well-known frequency-adaptive scheme. The simulation and experimental results
prove the optimized performance for the control objective: power ripple reduction with minimum
current harmonic distortion.

Keywords: power quality; synchronization; harmonic distortion; multifrequency control; inverters

1. Introduction

Nowadays, distributed energy resources (DER) are leading the change in power generation as a
result of the interest in renewable energy systems (RES) [1]. These DER could be connected to the utility
grid or microgrids through three-phase voltage source converters (VSCs), consequently, the technical
requirements, which must be accomplished by the power converter and its control algorithm, are
growing [2].

The trend in multifrequency control using vectorial complex theory [3] has increased the possible
features. Among those possibilities, there is an useful one in power oscillations mitigation [4,5].
Nevertheless, the techniques and objectives fulfilled can vary in each application when dealing with
unbalanced grids.

Basically, if the active power oscillations are reduced in the VSC AC side, the low-frequency
ripples in the DC-bus will decrease. Firstly, when low-frequency DC ripple currents flow through the
DC-bus capacitor, the temperature of the passive component increases, which causes a decreasing
lifetime of this component [6]. The batteries also suffer this problematic effect [7] and DC microgrids
converters also look for reduced voltage oscillations due to power oscillations [8]. Secondly, the DC
bus ripple voltage can have a harmful effect on the induction machine performance characteristics as
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torque pulsations [9]. Besides, on doubly fed induction generators (DFIGs) for wind turbines, active
power oscillations are related to electromagnetic torque ripples that increase the mechanical stress on
the turbine system [10].

The harmonic power oscillations in three-phase three-wire AC electrical systems come from
the presence of distorted or unbalanced grids. Therefore, the control strategy aims to regulate
the instantaneous active power at a constant value by injecting the suitable currents into the grid.
The current reference could be calculated by means of the active and reactive power theory, first
introduced in Reference [11]. From that theory, many works have dealt with the regulation of active
power oscillations when grid imbalances [12,13] or grid faults [14-16] are faced by the power converter.
However, these methodologies only remove the second harmonic power ripple due to the appearance
of fundamental negative sequence (FNS) voltage and its interaction with the fundamental positive
sequence (FPS) current. In distorted grids, there are higher even harmonic power ripples due to other
harmonic sequence voltages (—5, +7, —11, +13). Hence, an effective multifrequency current reference
calculator is required by the algorithm to accomplish the power ripple removal.

The presented control objective has an unavoidable characteristic in three-phase three-wire
systems—the elimination of active power oscillations implies more reactive power fluctuations [13,16].
Previous publications such as References [17-19] claimed the elimination of both active and reactive
power oscillations, simultaneously. However, this approach in three-wire systems leads to the
injection of zero-sequence currents. Hence, the harmonic distortion in the injected current increases
dramatically [18]. Even so, there are some works where this injection is regulated. In Reference [20],
two control coefficients are added to control the injection of 3" order current harmonics, that is,
zero-sequence. Nevertheless, most case studies only consider positive and negative sequences because
zero-sequence voltages of unbalanced voltage dips do not exist in three-wire systems, nor can they
propagate to the secondary side of star-ungrounded or delta-connected transformers in four-wire
systems [15]. Even for unbalanced systems with zero-sequence voltage, four-leg inverter topologies
can eliminate zero-sequence current with appropriate control [21].

The multifrequency current reference calculator purpose, just taking into account positive and
negative sequences, has been partly fulfilled for DER applications [5] as well as DFIG ones [10,22].
Both proposals are defined in synchronous reference frames (SRF), hence, coordinate transformations
are required. This implies online computation of trigonometric functions, which is usually performed
through tables, increasing the memory requirements of the algorithm to get considerable accuracy.
However, they are unnecessary because the current reference calculation can be directly implemented
in the stationary reference frame (StRF), as Reference [23] has shown for unbalanced grids. However,
the StRF approach has been unemployed for the multifrequency control of instantaneous power,
which avoids redundant transformations for each one of the dealt harmonics. Besides, grid frequency
variations are under the scope in recent years and grid frequency offset around its nominal values
decreases the quality of injected currents [24]. Therefore, frequency-adaptive techniques [25] must be
applied in order to accomplish the control objective of constant active power, as is shown in this paper.

From the grid code operation point of view, the injected harmonic sequence currents are limited by
the total harmonic distortion (THD) standards [26]. In order to achieve standards limitations, any of the
harmonic sequence currents could be set to zero or current HD minimization could be performed [5].
Both approaches must sacrifice the cancellation of one power ripple component, and the smallest
power ripple is chosen for the optimum performance. Therefore, the optimum current harmonics
shaping is also applied in this proposal.

The generated reference current must always be reachable, that is, overcurrent must be avoided
under normal operation. The usual strategy is performed by limiting the current vector to the maximum
RMS or peak values regardless of the harmonic components. This situation leads to undesired signal
distortion, and it also avoids the required power ripple elimination. In Reference [27], which is a
STATCOM application, the peak current is limited by defining the maximum reactive power that varies
with the voltage characteristics and a control gain. Alernatively, in Reference [28], the injected current
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is safely controlled to a predefined maximum value by tuning active and reactive control gains. Other
works [29,30] have also studied algorithms for peak current limitation, but, as with the previous one,
they are focused on unbalanced voltage sags. The peak current limitation approach needs a solution
where the vector trajectory is considered. Hence, the strategy presented in Reference [31] is a good
starting point for the proposed maximum peak reference current saturator. However, that strategy
deals with a high computational burden, which will be reduced in this approach.

Summing up, this work avoids reference frame transformation to solve the system of linear
equations, and the current reference is limited by the maximum peak current allowed per phase
while adapting the whole algorithm to the grid frequency. Therefore, the proposed Current Reference
Generator (CRG) is composed by the Current Reference Calculator (CRC) in StRF and Maximum Peak
Current Saturator (MPCS), which are the contributions of this paper. The overall structure is presented
in Figure 1.
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Figure 1. Schematic of the system under study—voltage source converter (VSC) connected to a
distorted grid through an L-filter.

2. Instantaneous Power Analysis in Stationary Reference Frame

This section addresses the theoretical analysis of the instantaneous power theory [32] for
multifrequency environments. The theory is developed in StRF for a three-phase three-wire system,
thus the zero-sequence -y can be neglected. Therefore, the phase voltage and currents at the point of
common coupling (PCC) are transformed by applying the Clarke transformation

| _1f2 -1 ] | "
X B - 310 \@ \@ b

Xc
where x can denote voltage or current and is function of time t. The notation as a function of time ¢

of instantaneous variables is avoided for ease of readability. The instantaneous complex power §'is

defined as follows 3

s=3 (Gup) (iap)* = (p+ja) )

where p represents the instantaneous real power, and q represents the instantaneous imaginary power.
Each electrical signal ¥, (voltage, 0,p, or current, i,) can be composed of different harmonic terms as

Tap = Y o= X+ jxp (3)
heHs
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where H; is the set of the most usual harmonic sequences, thatis, Hs = [..., —11, -5, —1,+1,+7, +13, ...].
Once the basis is established, the following describes the mathematical approach on StRF multifrequency
power analysis. By substituting voltage and current as expressed in (3) into (2), a sum of different
products between voltage and current harmonics results. Hence, the phasorial expression of each

addend is defined as follows 3

k| |7
Sk Evl ih2

ap | |'ap
where 111 and hy denote the sequence harmonic of the studied voltage and current, respectively, and
k = (h1 — hy), whereas ¢, and ¢, are the initial phases of each vector. The power phasor §j rotates at
k times wy, that is, the FPS frequency. Therefore, three cases can be analyzed depending on the value

ej(kw1 t-¢p, —(th) (4)

of h1 and hy: no rotation; positive rotation; negative rotation. Hence, k denotes a positive or negative
value that infers ripple over p and 4.

If 5 induces power oscillations, the only way of achieving no active power oscillation is having
the counterpart power phasor. There is no such solution without injecting zero-sequence, but the
cancellation of the real or imaginary part is possible by generating the proper power phasor. It is the
one produced by 7 OZBZ and ?alg, that is, 5_x. The sum of both power phasors will result in a power vector
that is composed of two harmonic sequences =£|k| as expressed in the following:

= _ = i(|k|cwqt+P = i(—|k|lwit+P_
Stlk| = ’sHk\‘eJ(' et ) + ’s_\k\‘e]( [l )

Sk Sk )
- _ 3zl 7h _
S+‘k| - §|Up¢ﬁl ‘ ‘la152| q)-‘r‘k‘ - ‘Phl - (th
- _ 3|=h7h o
S*‘k| - j|val[32HlalBl q)f‘k‘ - ¢h2 - §0h1

where ¢, and ¢y, are the initial phases of the corresponding voltage and current vectors, respectively.
Please note that two possible combinations are feasible between voltage and current harmonics
depending on the sign of k. The previous definitions have been carried out considering k > 0.

Therefore, using real and imaginary parts of the voltage and current vectors, the corresponding
real and imaginary parts of the power vector s | are

Plk| = %(vﬁl i + Vi) + g(v’;ziﬁl +vgig) ©)
R[] RE_ )

k| = g(vf;ii? — o igz) + ;(vgzi’,ll — vﬁzizl). @)
SE ] SE-jy]

As first approach, one could be tempted to directly setting (6) and (7) to zero in order to find the
set of four linear equations (considering the other two linear equations related to the power when
k = 0) that gives the required current reference. However, if (5) is set to zero, it is proven that only the
real or imaginary part can be set to zero. Two variables with opposite sequence cannot cancel each
other. The unique solution taking into account negative and positive sequences is zero FPS current,
which is unfeasible for power converter operation.

Consequently, considering that just the active (real) or reactive (imaginary) power ripple can be
set to zero, a new approach must be taken to find the set of linear equations that allow us to define the
proper harmonic currents.
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In order to obtain zero |k|! harmonic active power ripple, that is, Pk = 0 being k # 0, one of the
following conditions must be fulfilled:

-

§P|k\ =51k T (§7|k\) =0 (8a)
§P|k\ = §+\k\) * +§—\k| =0 (8b)

where 5 is a new variable that makes reference to this condition.

On account of the real-valued nature of the variable p|y, its sinusoidal behavior elimination has
two possible solutions in the complex plane, that is, the variable p ;| could be the real part of a vector
Spy, that apparently rotates with positive or negative frequency. Obviously, the reactive power ripple
will inevitably increase. A graphical representation of (8a) is shown in Figure 2a, where each addend
of 5 |y is depicted independently for better understanding of the cancellation. Initially, we have 5
(blue) and 5_ ;| (dashed red), which have opposite sequences. Then, the complex conjugate of 5_
is depicted (purple), where is clearly noted that the real part related to active power oscillation has
been canceled. Now, the addends rotate in the same direction, thus there is a feasible solution to that
constraint. Note that the imaginary part of gp\kl has helped us to define the set of linear equations, that
is, it is just the quadrature of p;| and it has no meaning over the electrical circuit.

Im Im
A A
—lklwyt
3 o T FHlk|ogt ) e kot
_lkl./\ ________________ |'§+|k| ________ |'§+|k|
RN [ ; I
. ~ 1 1
: hNY Dotk : '\‘;bﬂlcl:
Pk ; > Re L i S > Re
B : : : S .
..I N S
____________________________ ‘ pd
o * N * e S*lkl
Gy < SCH N
+Hklwit " +Hklwt T —lklwgt
(a) (b)

Figure 2. Independent representation of power vectors—(a) Transformation for real power cancellation;
(b) Transformation for imaginary power cancellation.

If we take back the notation using real and imaginary parts of the voltage and current vectors,
the new linear equations are found. The condition (8a) is rewritten as

3 e e s e e

RSy ] = 5 (00 + i) ol +uiig) = 0 ©)
3 e i e e

Sy ] = 5 (Fp'ia* — vt ! + i) =0 (10)

Please note that (9) and (10) could be composed of more than two harmonic orders because
different combinations of voltage and current harmonics could contribute to the same §'ﬂ x|- Besides,
if it is desired, 5, can be set to a proper value different from zero and these equations are still valid.

Alternatively, in order to obtain zero |k|" harmonic reactive power ripple, that is, qx| = 0 being
k # 0, one of the following conditions must be fulfilled:

g"ﬂk\ = g‘Hk‘ — (g—\k\) * = 0 (113)
5}7‘]{‘ = — §+\k\) * +§—\k| =0 (11b)
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where E}M is a new variable that makes reference to this condition. A graphical representation of (11a)
is shown in Figure 2b, where the negation of the complex conjugate of §_ | leads to the cancellation of
the imaginary part. Now, the addends rotate in the same direction, thus there is a feasible solution
to that constraint. If (11a) or (11b) are accomplished, the active power ripple will inevitably increase.
Again, note that the real part of 5, is just the quadrature of gy

Finally, the linear equations that define the power calculation including no rotating real and
imaginary power, P and Q, respectively, and using (9) and (10), are as follows

[ P ] [l ot ol 2] [il]
0 h1 _021 UZZ _ng i
REp)| 3| o2 o w9y ’ (12)
Syl | T2 <ol o2 o ol ||
§R[§q‘k‘ ] v’;z o _UZ1 _021 a
[l UZZ oz ot i igz

Please note that the set of linear equations in StRF is similar to the one proposed in SRF in
previous works [4,5,10]. Therefore, this deduction proves that there is no need of performing a
reference transformation for every harmonic sequence. The deduction seems trivial, but to the authors’
knowledge, this approach has never been proposed before. Once the set of linear equations is properly
composed and the objective active and reactive powers are defined using the proposal on this work,
the solution at each time step will be the current reference. However, this signal must be limited before
it is sent to the current controller to avoid overcurrent.

3. Current Reference Saturators

The command signal must be kept below the protection threshold by defining an absolute value
Isat. Typically, this value is set above the nominal value, but below the protection one.

The current reference in this case is composed of different harmonic sequences, that is, the vector
trajectory is not a circumference and there is not a direct correspondence between RMS current and
maximum amplitude per phase. In this situation, the phase current could exceed RMS value or the
maximum amplitude independently. The maximum module current saturator, which is related to the
RMS value of the signal, is a well-known solution and it is presented in this paper for comparative
purposes. The MPCS is the second contribution of this paper, and it maximizes the control objective by
taking advantage of the hexagonal limits of the current vector in the complex plane.

3.1. Maximum Module Current Saturator

The module of a multifrequency reference current vector (Clarke transformation) is

L () () 13

heHs

1ref| =

If this value exceeds the saturation threshold, every harmonic sequence is reduced in magnitude
by a proper gain. The phase of each harmonic sequence is kept constant. In order to remove the power
oscillations, that is, to keep the proposed control objective, all harmonic sequences must be equally
reduced. Then, the saturation gain is calculated as

ISAT (14)

T o )
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where Ig47 is the threshold value. Then, if kg is higher than or equal to 1, the reference current is
below the saturation limit. Else, each reference harmonic sequence is multiplied by this gain. Clearly,
this solution is always considering a circumferential trajectory and it is not taking advantage of the
three-phase current signal trajectory. This saturation technique is denominated as circular limit method
(CL) in the literature for voltage saturators [33]. Besides, in order to avoid signal clipping, the signal
trajectory must be analyzed. Therefore, the appropriate approach when dealing with multifrequency
harmonic signals is an instantaneous maximum peak value saturator that analyzes it.

3.2. Maximum Peak Current Saturator (MPCS)

The aim of this algorithm is to avoid that any instantaneous reference current per phase is
beyond the saturation value and this is the second contribution of this paper. The saturation hexagon,
as depicted in Figure 3a, is defined in the StRF using (1).

If the current reference is composed of several sequence harmonics as defined in (3), the signal
trajectory is no longer a circumference and it needs to be contained inside the hexagon. Figure 3b
depicts how the proposal of this section does not distort the signal whereas the maximum module
saturator shows a signal clipping, that is, distortion. Therefore, the saturation technique has to analyze
the signal’s trajectory, as presented in the following.

00 40 20 0 20 40 60
Re (A)
() (b)

Figure 3. (a) Maximum peak limits (blue solid line) and maximum module limit (purple dashed line)
in stationary reference frame (StRF); (b) Saturation example for maximum module saturator, 1—.:5{,51 , and

maximum peak current saturator (MPCS), ;;eﬁf,sZ, when I = 50A and H; = [-5,—1,+1,+7].

The trajectory of the vector zzef is described as the geometric place of all its points during a
complete FPS period. There are two possibilities for analyzing the trajectory: taking past samples or
extrapolating them. In the following, the second one is explained because the first is directly deduced
from this explanation. A Z:f[{ sample could be inside or outside of the hexagon, but nothing is known
about the following ones. An example of full trajectory is depicted in Figure 4a, where some points
might be outside and others inside the hexagon. Therefore, the extrapolated trajectory is described by
taking into account the harmonic sequence decomposition at the present sample, and considering no
magnitude (I};) nor phase (¢;,) variation for each harmonic h.

In order to keep null power oscillation, the same saturation gain ks € R : 0 < kg < 1is applied to

all ?;gf ’h. Hence, the saturated trajectory, far;f *# is described as

?“rgf’s =ks ), Iy(cos(hwit+ gy) + jsin(hwrt + ¢y)). (15)
heHs
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Geometrically, in a R? plane, (15) can be parameterized as

x=ks Y Ijcos(hwit+ @y) (16a)
heHs

y=ks 2 I sin(hwit + @p). (16b)
heHs

Then, the problem can be easily solved following these facts—(1) The hexagon and the vector
trajectory have odd symmetry, so just half-trajectory is necessary, as shown in Figure 4b; (2) Due to
the geometrical properties of the hexagon, the edges can be interpreted as constant functions that are
equal to the hexagon apothem x5 = £IgaT.

The first statement is straightforward from the properties of vectorial variables. The second fact is
proven by reducing the problem to dimension x (16a) and comparing with the left and right edges
(£IsaT). These edges are always parallel to the y-axis as in Figure 4c. The other four edges are just
+60° rotations of left and right edges around the origin. The same effect is obtained by keeping static
the edges, and the trajectory is the one that rotates as in both Figure 4d and Figure 4e. The whole
comparison is accomplished as three independent ones, as it can be composed in Figure 4f. Therefore,
rearranging (16a) in order to apply the rotations (¢, = [0°, +60°, —60°]), the gain at every sample is
solved from

+Isar = ks Y, [Iy cos(hnw: Ts) — I; sin(hnew: Ts)] (17)
heHs

where the expression is in discrete-time (sample n € N) and

IE = Iy cos(@n + ¢1) = Ly cos(@r) — Iy, sin(@y)
I; = ysin(@n, + ¢r) = Igp cos(¢r) + Ly sin(@y)-
Note that I, and Iz, are the real and imaginary parts of every ?Zl:f " at the sample under study,
that is, the present values that are used for extrapolation.

Figure 4. Trajectory rotation process example. (a) Full-trajectory. (b) Half-trajectory. (c) Trajectory
comparison with left and right edges. (d) and (e) Comparison of rotated trajectory (£60°). (f) Trajectory
rearrangement to get the full hexagon. (g) Optimal kg is obtained.

Finally, the minimum kg, which is obtained by solving (17) for each extrapolated sample, would
be chosen as it would represent the most limiting scenario. The input and output of the MPCS are
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shown in Figure 4g. This approach would reach the steady-state as soon as the system under control
has reached it. However, the main drawback of this approach is the computation time. The signal
extrapolation increases the computational burden because several trigonometric operations would be
required. Therefore, a more time-efficient approach would use a trajectory analyzer of the last half
period of FPS, that is, it uses the minimum gain kg over this time span. Hence, steady-state could be
reached at most half period of FPS later than the system under control.

The trajectory analyzer of past samples is a low computation burden solution, which simplifies
the implementation of the MPCS. Besides, the case under study requires that the saturation gain kg
must be equally applied to all harmonic sequences, so the algorithm is even more simplified, see
Algorithm 1.

Algorithm 1 Maximum peak reference current saturator (MPCS)

Input: Present sample: I,,rff, Ilr;f; sam}ales = [1/(f1 - Ts - 2)]; Array of past gains: ks[samples + 1]
ef,s qref,s .
Output: Saturated present sample: I,”~, I,”"; Array of gains: ks[samples + 1]
1: Initialization : kDenRot = 1; newDEN = 1; ksp =1
2: for each rotation: rot = {—1,0,1} do

3:  if (rot = 0) then

4: newDen = L;ef

5. else

6: newDEN = Igff -c0s(60°) - abs(rot) — Ilr;f -sin(60°) - rot
7. end if

8:  if (kDenRot < abs(newDen)) then

9: kDenRot = abs(newDen)

10:  end if

11: end for

12: ks[1] = Isar/kDenRot

13: for each sample: k = samples + 1 to 2 do

14:  ks[k] = ks[k — 1]
15:  if (ks[k] < ksp) then

16: ksp = ks[k]

17:  end if

18: enfd for y

19 [77° = ksp - LY
Coqrefs ) ref

20: Ig7" = ksp Iy

In conclusion, this approach has two improvements over the usual multifrequency saturators—(1)
It takes advantage of the hexagonal shape in order to maximize the control objective when dealing
with multifrequency signals; (2) It does not distort the signal because the signal’s trajectory is analyzed.
The second feature is clearly seen in the steady state representation of Figure 3b, because the maximum
module saturator clips the signal. Besides, the MPCS works during frequency variations because the
gain array size is set to the maximum possible considering the minimum FPS. Usually, the frequency
variations are up to 2% around the nominal value, which is translated into two samples more for a
sample time of 200 ps.

4. Instantaneous Power Control

In order to accomplish the control objective, a multifrequency current controller is employed
for tracking the most common sequences in distorted grids H; = [+1, —1, —5, +7]. As it is shown in
Figure 1, the control is divided in three steps—(1) PCC voltage sequence harmonic detection (SHD);
(2) Current reference generator (CRG); (3) Current controller. Besides, the control scheme also counts
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with a PLL to get a frequency-adaptive solution. It is well-known that frequency variations produce
THD degradation [24] which avoids the control objective achievement, that is, null active power
oscillations.

4.1. Frequency Estimation and Implementation

The FPS, W, is extracted by a PLL algorithm, which is conveniently tuned to remove the
fluctuation in frequency under harmonically distorted environments [25]. Besides, the PLL input is the
FPS PCC voltage once it has been filtered by means of the SHD. The PLL constants are collected in
Table 1.

The frequency adaptation affects the SHD and the current controller and it requires the online
computation of exponential functions in each ROGI, that is, trigonometric functions which are usually
performed using tables. These tables imply increasing memory requirements in order to get more
accuracy. In contrast, the first-order Taylor series expansion of the exponential functions around
w1 [24] is a more accurate solution. It is defined as

eIhanTs ~ pfhw1Ts (1 —|—jh((31 — wl)Ts)' (18)

4.2. Sequence Harmonic Detection (SHD)

The harmonic sequences Hs = [—1, 41, —5, 4 7] that appear in the grid voltage at the PCC need
to be successfully detected. For that purpose, a system based on multiple ROGI (Reduced Order
Generalized Integrator) has been employed [34]. The PCC voltage 7,p, as reference, is compared with
the sum of detected sequences Z"J'EﬁET, so each ROGI RZ p reduces the error at the tuned frequency hddy.
Therefore, the output of each ROGI is the corresponding harmonic sequence. The open-loop transfer

function is defined as

=DET
Uy (2) _ (~OL—SEQ/_y _ kj,
Fup(z) —GDET(z) G (2 =) - _ ohinTs (19)
ap ap heH; ,
RZ[}(Z)

where kj is the integration gain which determines the ROGI response in terms of settling time and
over impulse. Then, the detected harmonic sequences 5’; p are the outputs of each ROGI R/ g-and the
closed loop response for each one would be

Rh

—h o aB -
Tap(2) = HGOL—_SEQ(Z)U‘X'B (2). (20)
ap

Finally, note that the frequency-adaptive feature is added to the structure for accurate filtering.
The selected gain values are provided in Table 1.

4.3. Current Reference Calculation (CRC)

The instantaneous power analysis carried out in Section 2 is now particularized for the set of
studied harmonics Hs. Consequently, the instantaneous power is defined by a constant value and
even order harmonics of FPS (2, 4, 6, 8, 12). Four harmonic sequence currents can be controlled, thus
the calculation just set value to the constant power P, Q and the lowest frequency active power ripple
p2, p4, and pe. The set of 8 linear equations to be solved is as follows

3
= 2VI 21
S 5 (21)

where
ST=[P Q REp] Sl Rkl SEul R SEel
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The standards [26] penalize the injection of harmonic current sequences, then it is highly
recommended to follow the Harmonic Distortion (HD) optimization presented in Reference [5].
The level of reference current distortion is given by the active power harmonics that must be set
to zero and the most relevant ones are provoked by the FPS (i.e., 2 and 6). Then, the negligible active
power ripple ps condition in (21) is released and the available degree of freedom is employed to
minimize the HD current. The target function to be minimized is

HD = (i) + (i5°) + (i) + (if7)*. (22)
Each variable can be expressed as
i;)npt =am+ bmizl + Cmiérl (23)

where m indicates the row number of the following matrices
Iopt = 1[3/ 8; 1] Sopt = [

A=3M71S,y B=-M"1M, C=-M1M,

V[1,4;3,8]|.
M, =V[1,81] M.=V[1,82 M=
b [ M [ ] v[7,8;3,8}]

We use X[i1, ip; j1, j2] to denote the submatrix of X consisting of the intersection of rows i; through
ip and columns j; through jp. Finally, substituting (23) into (22), the partial derivatives are easily
worked out in order to find the minimum value and the following equality must hold

6 6 6
Y 2byay Y 217%1 Y 2bycm O1x6
m=3 = | m=3 m=3 L (24)
Y 2Cuam ¥ 2buem X 2ch,  Oixe
m=3 m=3 m=3
D
Finally, the new set of linear equations is
3
Sopt = = Vopt] (25)

2
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where

4.4. Current Controller

The selected current control structure is depicted in Figure 5, which is basically a multi-resonator
at the frequencies of interest. The plant model is discretized by applying a Zero-Order Hold (ZOH),
so the half sample delay from the PWM dynamics is already included. The one sample computational
delay induced by the digital controller actuation voltage is also included as a state. In conclusion,
the augmented plant can be expressed in state-space form as

x(k+1) = Ax(k) + Bu(k) (26)
where
b a 0 0 0 0 7 [0
00 0 0 0 0 1
1 0 el 0 0 0 0
A= e B =
1 0 0 eJalk 0 0 0
10 0 0 e~ Ts 0 0
1 0 0 0 0 el7@1Ts | 0]
N T
x(k)=[7 @d 700 7§ 7

defining b = e X/ L/Lf and a = (1 -1b)/ Ry. A state-feedback approach is taken here using
a Linear Quadratic Regulator (LQR) strategy. The weighting matrices Q and R determine
the relative importance of the state error and energy expenditure. Their values have been
chosen according to the guidelines presented for a VSC in Reference [35], considering that
overmodulation would be avoided. The weighting matrices Q and R in this paper are Q =

diag ({0.001 0 0.001 0.0001 0.0001 0.0001}), R=0.1
The feedback law is u(k) = —Lx(k), being L = [kp ky ki1 k1 k_s k+7}. The gains are
provided in Table 1.

>+1 »—1 »-5 47
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Figure 5. Current controller schematic.
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Table 1. Control system details.

kip = 0.1446 +j0.0091  kj, = 0.0383 — j0.0024
kg, = 0.0365 — j0.0119 ks7p = 0.0347 +j0.0163

SHD

ky = 12458 +j0.0384  k; = 0.2994 + j0.0048
Current controller  k,; = 0.0848 +j0.0134  k_5 = 0.0041 — j0.0269
k_1 =0.026 +j0.0078 k7 = —0.0101 + j0.0252

PLL kptL = 88.8421 kPEE = 3912.92

5. Simulation Results

The system under analysis, briefly described in Figure 1, has been simulated using Matlab 2018b.
A 100 kVA three-level Neutral Point Clamped (NPC) VSC is employed, and it is connected to an
unbalanced and distorted grid through an L filter (Table 2). The grid impedance, that is, L¢ and Ry,
is neglected. Besides, there are two capacitors of 4.5 mF in the DC-bus. Note that the digital controller
is working in double-update. The simulation is a VSC working as a STATCOM, which is required
to deliver reactive capacitive power (Q"/ = 26 kVAr) while employing the active power exchange
to control the DC-bus voltage. The operation as STATCOM let us clearly study the control objective
because high current can be achieved and the instantaneous active power exchange is mainly related
to active power oscillations. However, as stated in Section 1, this control proposal can be applied to
DERSs. First, the CRG performance is analyzed throughout 5 situations. Then, the frequency-adaptive
solution is tested when the FPS is allowed a variation of 2% around the nominal frequency.

Table 2. Experimental setup parameters.

Category Parameter Value

FPS (230 Vims, fy =50 Hz)  1pu
FNS (h = —1) 0.012 pu

Grid voltage
Harmonic sequence (h = —5) 0.04 pu
Harmonic sequence (h = +7) 0.02 pu
L 750 uH
Filter f 0k
Ry 11.8 mQ)
- 7
Control references DC-BUS voltage S0V
Q reference 26 kVAr
Frequencies Sampling frequency (fs) 5 kHz
Switching frequency (fsw) 25kHz
DC-bus Total capacitor (Cpc) 2.25 mF

The presented simulation has been set up for 5 CRG situations, where the calculated current
reference is beyond the specified saturation value (Ig47 = 50A) in order to notice the effectiveness of
the MPCS in the first four cases, and what happens when it is not employed. The cases depicted in
Figure 6 are

of

1. Generation of ?;ﬁ
the base case that does not perform any active power ripple mitigation.

2. Generation of ?;;f
setting to zero p».

using a 2 x 2 voltage matrix with Hy; = [+1] for the requested P and Q. This is

using a 4 x 4 voltage matrix with Hs = [—1, +1] for the requested P, Q, and
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3. Generation of ?;;f using a 8 x 8 voltage matrix with Hy; = [-5, —1, +1, +7] for the requested P, Q,
and setting to zero py, ps, and pe.

4.  Generation of ;‘“f’;f using a 8 x 8 voltage matrix with Hy; = [-5, —1, +1, +7] for the requested P, Q,
and setting to zero p;, and pg by means of HD optimization.

5. Equivalent to case 4, but there is no MPCS. The saturation technique takes the present sample

and compares it with the hexagonal limits.

The results are also collected in Table 3, where the lowest value for each harmonic among all
cases are in bold. From the FFTs that are depicted in Figure 6, it can be noticed how the power ripple
is effectively reduced when the proper current is injected at the PCC. Although the power ripple
is eliminated in case 3 (Figure 6c), according to Reference [26], the individual odd HD below 11th
harmonic must always be lower than 4%. Hence, when the optimization algorithm is applied, the
harmonic distortion is minimized while avoiding power oscillations. Then, these results prove that
the reference current can be directly calculated in the StRF. The last case shows that, when MPCS is
not used, the steady state current will be composed of undesired harmonics. The corresponding HD
value has been underlined in Table 3 to note that it is over the maximum allowed. The power ripple
elimination will be inevitably worse because the injected current harmonics are not the proposed ones.

The relationship between active power ripple in Figure 6a, and DC voltage in Figure 6b is
well-established. The DC-bus capacitor size leads to low DC voltage ripple. However, we must
note that the capacitor size for STATCOM applications is usually bigger than the one for DERs [20].
Therefore, the problematic is more measurable in DERs.

20 05 - 3 B B
8x80pt
1000 25| [+ Esor
044 [ 8x80pt no MPCS
800 S 20
—~ < 03] =
= S <
T 600 o = 15]
9 = 3]
-
g > 024 s
=400 O S 1}
A
200 01t 051
0 0 0
0 2 4 6 8 10 0 2 4 6 8 10 7 5 -3-11 3 5 7
Harmonic order (f/f;) Harmonic order (f/f) Harmonic order (f/f;)

(a) (b) (©

Figure 6. Steady-state analysis of each configuration by means of—(a) FFT of measured power at the
PCC; (b) FET of the DC-BUS voltage (Zoom in low values); (c) FFT of the three-phase current at the
PCC (Zoom in low values).

Table 3. Simulation results.

Parameter Power Spectrum (W) DC-Bus (mV) HD
Control P2 P4 Ve U2 N Vg h<11
2 x2 2731 26.8 1126 2609 7.7 353.35 0.61%
4 x4 9.8 91.7 1133  26.58 46.27 353.8 1.4%
8x8 6145 6381 91.06 525 394 68 4.37%
8§ x80pt. 6496 663 3611 944 334 26.6 3.39%
8 x 8 Opt.

614 5816 505 401 66.6  4.13%
(No MPCS)
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The performance of the MPCS is depicted in Figure 7. The saturation strategy changes from
MPCS to one that only takes the present sample at 50 ms. After that instant, the signal is clipped,
and THD increases, hence, non-desired harmonic sequences appear in the injected current at the PCC,
see Table 3. Please note that the signal trajectory in Figure 7c is almost circular, which is circumstantial
for the case under analysis due to HD minimization.

g,

\T i
i i

re[

A \le
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. l/ — 1y B —> —lg 8
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—5() -50)
-50 0 50 -50 0 50
Re (A) Re (A)

Figure 7. Analysis of MPCS operation: (a) PCC voltage; (b) PCC current; and trajectory in the complex
plane of the current ?,,qg and its reference ;:fﬁf with (¢) MPCS and (d) no MPCS.

Lastly, the frequency-adaptive results are shown in Figure 8. The frequency is accurately estimated,
see Figure 8b, until 150 ms, then the strategy is forced to follow the nominal FPS. Once the system
is not following the actual frequency, there is a signal distortion, hence, the control objective is not
achieved and the active power oscillates.

s O N E S
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Figure 8. Analysis of frequency-adaptive scheme: (a) PCC voltage; (b) Estimated ﬁ and real f; FPS;
(c) Power exchange at the PCC; (d) Current at the PCC; and trajectory in the complex plane of the
current ?,Xﬁ and its reference Z;elé[ with (e) frequency-adaptive scheme (f) non frequency-adaptive.
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6. Experimental Results

The proposed algorithm has been experimentally validated with its implementation by means
of DSP TMS320C6713 DSK at 225 MHz (4.44-ns cycle time) [36]. The system was tested over an NPC
converter with the specifications of Table 2. An unbalanced and distorted grid is generated by the
programmable power supply Regatron TC.ACS [37]. Devices are depicted in Figure 9. The data is
collected by a scope Yokogawa DL850 [38]. In order to keep safe the programmable power supply, the
specified saturation value is set to Is47 = 50A.

IGBTs
Driver

NPC
(VSC1)

Main __|
contactor

Auxiliary __1,
rectifier ||

R vy v G Current
sensors

Figure 9. Experimental setup: (a) NPC power converter. (b) Regatron Topcon Quadro programmable
power supply.

The system is configured to perform five CRG cases (2 x 2,4 x 4,8 x 8, 8 x 8 Opt. and
8 x 8 Opt. with no MPCS). The required computation times, which increase with the complexity of the
linear equations, are collected in Table 4. The computation times are similar to [5], but this proposal
includes the current reference saturator while avoiding any transformation into SRF and using a
frequency-adaptive scheme. The MPCS takes 2.5 ps to compute, so the computation difference comes
from that additional algorithm. Besides, the DSP is not ready for performing dense linear algebra
computations, i.e., it does not support DSP libraries as LINALG. Please note that coding strategy and
processor are the same as [5].

Table 4. Computation times.

CRG Mode CRC+MPCS CRC[5]

2x2 9.7 us 7.9 us
4 x4 16 us 14.5 ps
8§ x8 40 ps 39 us
8 x 8 Opt 77.3 us 76 us

The generated unbalanced and distorted grid voltages are described in the following. The
fundamental value of phase B has been set to 223 V,,;s generating unbalance to produce negative
fundamental sequence. Besides, the —5 and 7 harmonics have been set to 9.2V}, (4%) and 4.6 Vs
(2%).

The results are collected in Table 5 and are represented in Figure 10a along with the FFT of the
injected currents in Figure 10b. The lowest value for each harmonic among all cases are in bold. When
employing a 2 x 2 matrix for the CRG, 2nd and 6th harmonics appear, due to unbalance and distortion,
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respectively. Then, by employing the 4 x 4 matrix, second harmonic is reduced by means of the
injection of FNS currents at the PCC. Therefore, when 8 x 8 matrix or its optimized version are applied,
the 6th is drastically reduced. The 4th harmonic is negligible in all of them. The injection of —5 and 7
current harmonics is optimized with the 8 x 8 Opt CRG in order to obtain the same power oscillation
results as its non-optimized counterpart. Although the THD in the optimized test is according to the
standards (Table 5), there exists more distorted or unbalanced environments where the distortion can
avoid the system workability.

1600 . . . . . . . . . . 3.5

(22 [Esxs
1400 | -4x4 |:|8x80pt
1200 | [8:80pt no MPCS
% 1000 |
g 800 |
g
£ 600

400
200

0 _.m_-_-n:lJln L]
0 100 200 300 400 500 600 700 800 900 1000 -450 -350 -250 -150 -50 50 150 250 350 450
Frequency (Hz) Frequency (Hz)

(@) (b)

Figure 10. Steady-state analysis of each configuration by means of: (a) FFT of measured power at the
point of common coupling (PCC); (b) FFT of the three-phase current at the PCC (Zoom in low values).

Table 5. Experimental results.

Parameter Power Spectrum (W)  HD

Control P2 Pa Ps h<11

2 %2 276 67.86 1372 0.94%
4x4 1142 137 1378  1.49%
8 x 8 5429 105 4051  4.26%
8x 80pt. 8572 6932 2103 3.92%
8 x 8 Opt. 140.7 2083 5.85%
(No MPCS)

Figure 11 shows the experimental test from simulation in Figure 7. The figure zooms in the period
when MPCS is employed (a), and when it is not (b). It proves how the harmonic distortion increases
when the MPCS is not operating with past samples. The corresponding HD value has been underlined
in Table 5 to note that it is over the maximum allowed. The harmonic active power does not increase
a lot in the case under study, but the HD optimization has been wasted. Therefore, the application
requires the MPCS to be correctly addressed.

Finally, the frequency-adaptive test is shown in Figure 12. The figure zooms in the period when
transition from 50 Hz to 51 Hz occurs (a), and when frequency adaptive scheme is removed. First, the
result shows how the control system is able to adapt itself when the frequency is suddenly changed
without difficulties. Then, the adaptation is removed and the system is tuned again to the nominal
FPS, so the active power oscillates.
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Figure 11. Experimental results delivering capacitive reactive power. Lowpass filter with a cutoff
frequency of 1.5 kHz has been applied. (a) Zoom in voltage and current at the PCC when MPCS was
operating; (b) Zoom in voltage and current at the PCC when MPCS was not operating.
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Figure 12. Experimental results delivering capacitive reactive power. Lowpass filter with a cutoff
frequency of 1.5 kHz has been applied. (a) Zoom in voltage, current and three phase active power
at the PCC when the grid frequency changed; (b) Zoom in voltage and current at the PCC without
frequency-adaptive scheme.

7. Conclusions

The proposed multifrequency current reference calculation has resulted in an algorithm that
takes the correct approach regarding previous proposals and avoids unnecessary computations.
The presented current reference saturator has been proved as the correct selection when dealing
with harmonic currents. The proposed MPCS could be useful for other applications, for example,
VSC-based three-phase active power filters. The reference frame changes are avoided due to the lack of
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accuracy of trigonometric operations in DSPs using lookup tables without enough values. Besides, the
novel approach in StRF gives an interesting insight into mutlifrequency instantaneous power theory.
Although it could be a trivial solution due to its similarity to the one in SRF, no previous record of the
presented deduction and proposal in StRF has been found in the literature. These two contributions
have been implemented, tested and compared in terms of efficiency and computation time with a
previous proposal. The simulated and experimental results have shown a performance improvement.
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