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The paper deals with on-line estimation of three-phase current harmonics on the basis of adaptive control technique. It
is shown that standard observer for positive and negative sequences of each harmonic delivers strong selectivity pro-
perties, but has limited speed of convergence and it is suitable when not all harmonics are required to be estimated. A
novel structure of estimator with measured currents filtration which guarantees fast asymptotic convergence and simple
tuning procedure is proposed. A new approach to shunt active power filter current control based on a combination of
current control loop and harmonic estimator is also presented. Proposed approach allows to achieve the asymptotic
estimation and asymptotic compensation of all set of harmonics. Simulation and experimental results proof the theoreti-
cal findings. References 13, figures 7.
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Introduction. Electricity is converted into other types of energy using different semiconductor converters,
which are nonlinear loads for electrical grid. Such loads are variable speed AC and DC electrical drives, different
lighting systems, power supply devices for industrial, household and office equipment, and many others. Such de-
vices consume from the line source a non-sinusoidal current that delivers a number of negative effects.

The traditional passive filters have well known significant limitations for higher harmonics compen-
sation and therefore starting from 1990-th the active power filters are considered as powerful tool for im-
provement of power quality to comply with modern standards [1]. During last decades the different modifi-
cations of parallel active power filters (also known as Shunt Active Filter — SAF) have been proposed. SAF
provides effective compensation of current harmonics caused by nonlinear loads and can be used for reactive
power control. An intensive overview of the active power filter topologies, control methods, power electro-
nics issues are given in [11]. From the control point of view, several challenging tasks are considered: output
current regulation, dc-link voltage stabilization, current harmonics detection and others.

Standard and advanced control methods applied to solve above-mentioned control tasks employ the
instantaneous power theory [2, 3, 10], variety of time-domain approaches, FFT [5], etc. Instantanecous power
theory based systems in general provides compensation of all high order harmonics and demonstrate robust
performance [2]. From the other hand, selective harmonic compensation [8] gives significant benefits, since
the active filter rating and its bandwidth can be strongly reduced. Additionally computational requirements
for real time controller can be reduced as well if only selected set of harmonics is estimated and then com-
pensated. The standard block diagram of the active power filter with harmonics estimation is shown in Fig. 1,
where standard definitions for variables are used. In [12, 13] authors proposed an on-line method to estimate
load current harmonics using Luenberger observer for positive and negative sequences of signals presented
in line voltage vector oriented reference frame. High resolution selective harmonic estimation can be
achieved applying this methodology. Nevertheless dynamic performance of such estimation algorithms has
not been studied and structural limitations to achieve at the same time selectivity and fast estimation is not
studied. On the base of estimated harmonics the current reference is constructed for current control loops.
Current control is implemented by scalar methods using the relay mode, or by space vector pulse-width
modulation.
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To achieve an effective compensation for high frequency harmonics the current loops should be ex-
tremely fast in presence of not modeled dynamics, measurement noise and other no idealities. This problem
is not addressed in available solutions for harmonics estimation based current control.

In this work as a first step we investigate the dynamic performance and selectivity properties of the har-
monic estimator [12, 13]. It is shown that standard estimator has structural limitations to achieve selective estima-
tion and high dynamic performance. The main contribution of this paper is a new structure of the observer with
filtered measured signals and a new adaptive current control algorithm that allows simultaneous asymptotic har-
monic estimation and current tracking. The preliminary version of this paper has been presented in [9].

Harmonic estimation: Luenberger observer. According to Fortescue’s theorem, a balanced three-
phase system can be presented by the positive and negative sequences [4]. Let consider the symmetrical
three-phase system of currents given by positive (p) and negative (n) sequences [12]

i} =1 cos(nw, t), i, =1, cos(nm, t),
iy =1 cos(no, t—2n/3), iy =I, cos(no, t+2mn/3), (1)
it =L cos(no, t+2n/3), il =1 cos(nw, t—2mn/3),

where 1,1 is the positive and negative sequences amplitudes, ®, is the main voltage frequency, n is the

p’n

harmonic number.
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Transforming signals (1) into two phase system (a-b) and then into line voltage oriented reference
frame (d-q) we obtain

ity =1, cos(ho, t), i, =1, cos(ho, t), if, =1 sinthw,t), i, =1, sin(he, 1), ()
where index L stands for load current, h=n—1 is the harmonic order in d-q reference frame for positive se-

quence, h=n+1 — harmonic order in d-q reference frame for negative sequence.
It is well known that if signals (2) have only one frequency h,, and do not have dc components then

they can be presented as solutions of the following dynamic system
X(t) = Apx(t) 3)
Xn>Xqn )" is the vector of positive and negative sequences projections on d and q axes,

A, O 0 —ho, 0 ho,
A, = s A= , A= .
0 A, ho, 0 —ho, 0

ni

where x = (Xdp,qu,
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From (3) the load currents may be computed as
g =Xy +Xgpo g =Xg, + X, )
The general form of the Luenberger observer [6] for system (3) is given by [12, 13]
X(t) =A%) -K[i, ~C,x(1)], (5)

A A

T
A A A . . . . o . T -
where X = [x ap Xap X an:I is the is a state space vector of the estimator, Iy =(i4,1;,) is the current to

_kl _kz

. 2 . . k, -k

be estimated, I; =C, X is the estimated current, C, ={é (1) (1) ﬂ, K= k2 kl
™ 2

_kz _kl

From (3) and (5) estimation error dynamics is
§=M. %, (©)
where X=x—-X, M, =A, +KC, is the should be designed as a Hurwitz matrix.

In order to provide the selectivity properties of the estimator, it is suggested [5] to construct the cor-
rection matrix K according to

k =dw,, k=[] -(ho)"]/20,, (7)

where & is damping factor and o, =(1-28") 'how, is natural frequency of the oscillations. According to (7)
dynamics of the estimation process depends only from damping factor 8 and harmonic number h. Such tu-

ning of the observer (5) for harmonic hew, guaranties that || [j(oI—Mh]fl(—K) || <<l, Vo=nw, n#h,

i.e. all harmonics with frequencies different from hew, will be decreased. Hence, the observer (5) has to esti-

mate only one harmonic, providing selectivity property.
In general, any number of harmonics can be estimated on the base of elementary observer (5). Matrix

A, and C, need to be replaced by A =blockdiag|[Ay,,..., Ay ]and C:[Chl,...,ChN] with iz(f(f,...,f(L )T

T . . . . .
and K=[Km,...,KhN , where N are numbers of harmonics, considered for estimation. For example, if

Ne{e, m, ...z} then all harmonics ® =nw,, n # {e, m,.. z} are strongly rejected.
In order to investigate the dynamic behavior of the harmonic estimator we consider the load current
given by
N N
Iy =Xy + Z(Xdpi + X i) iLq =Xt Z(qui + ani)’ 3
i=1 i=1
where x,, and X, are active and reactive component of the load current.

Under condition of simulation test the load current in (a-b) reference frame is given by the sum of
first i = 1, 2, ... 20 harmonics with the same unity amplitudes and phase shift equal to w/(i+1). Estimated

load current is computed according to
. N . N
iLg =Rgo+ 2. (Xgpi + Xani)» I g =Xg0t > (Xgpi + Xgni)> ©)
h=1 h=1

where X, =K1 4, Xq0 =Kol and 14 =14 =14, i, =1, —1;, are current estimation errors.

Fig. 2, a and Fig. 2, b show poles location, dynamics of the current estimation errors, and frequency

= /ity +1, for 8=0.001 and 5=0.005.

From frequency responses it follows, that selectivity of harmonic estimation is observed in both cases.
Higher values of damping factor 8 provide faster convergence of the estimation errors to zero (see poles posi-
tions as well). However, further increase of damping leads to faster estimation, but with degradation of esti-
mator selectivity.

Discrete time version of the estimator may be obtained in the form of difference equations using
standard procedures for linear systems. Poles of the discrete time estimator have been computed using rela-

responses for error estimation vector modulus computed as |i;
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tions P=

T
(e(-&ﬂnh —j 0 V18T, e('smnh +jou VI+87)T, e('&")nh +j 0 V1487, e('swnh —jou VI+8*)T, )
b b b b

where T, is a sampling

time. Fig. 2, ¢ and Fig. 2, d demonstrate characteristics of the discrete time estimator with T, =50 ps for the

same test conditions as in Fig. 2, @ and Fig. 2, b. No significant difference is observed in performances of
continuous and discrete time estimator versions.

From the simulation results in Fig. 2 it can be concluded that dynamic performance of the estimation
with the same damping for different harmonics is limited by the estimator structure, which does not allow to
increase the speed of estimation. Therefore, such structure is suitable in case if selectivity property is strongly
required and used to reduce the complexity of estimation scheme, when not all harmonics are required to be
estimated.
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Estimation with filtered measurement. In real implementation, all signals from the analog sensors are
filtered in order to improve the system noise protection. Filtration leads to phase shift, which is different for
each harmonic and therefore estimation based on filtered signals does not provide correct information. In or-
der to solve this problem we propose a new adaptive estimation scheme, which uses filtered current signals
and has no phase shift. Let us consider the filtered current error signal in (a-b) reference frame

. -1 1. 17
Ya =1 IYa +7 llLa -1 1La’ (10)
Yo =7T ¥p +7T 11, =T 1y,

where t i1s the filter time constant.

Equation (10) in synchronous reference frame can be written as

32 ISSN 1607-7970. Texn.enexkmpoounamixa. 2018. Ne 2



. -1 1 _°
Ya=0Y, =T Yg+T 14T 1y, (i1

. _ ,1 ,]. ,1.
Ve =0y =T Yy +T i —7T g

or in the error form

-1 1~ ~ ~
Ye=Oy,—T Yq 17T (Xd0+Xdp+an)’

1 1 (12)
Vg=—0OY,—T Y, +7 (qu +X,, +an),
where
X0 = X490 — Xgo> qu =xq0—f(q0. (13)
It can be shown that if estimations are designed as
)de = koyd’ )’idp = _hwlf(qp +k1Yd’ ﬁdn = h(’olﬁqn +k1yd’ (14)
)EqO = kqu, iqp = ho‘)lﬁdp + leq’ iqn =-hw X, + klyqa
then the estimation errors dynamics is globally asymptotically stable for all (ko,kl) >0, 1i.e:
m(ido,iqo,idp,iqp,idn,iqn): 0. (15)

From condition (15) we conclude that asymptotic estimation of the load current is achieved as well.
For given filter time constant T the dynamics of the estimation is specified by selection of two tuning

coefficients (k,,k,)>0. In general case of N harmonics estimation the observer is given by
X =A% +Ky,
| | . (16)
y=-t'y+t (i, —-CX),
where iz(ﬁg,if,...,iﬁ)T, Y=Y A =blockdiag[0,A},..., A ], C:[ChO,Chl,...,ChN],
[k 0]k 0 k 0|.|ky 0 kg 0T
10 k[0 k0 k[0 kg 0 Kk

Observer (16) guarantees conver-

Pole positions for k, =k,...k,, =50 Estimation error i, , A gence of all harmonics, but property of
XIg og 20 selectivity can be reduced or lost and
4 s d},ﬁ 15 therefore such observer is suitable if all set
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Im 0 & > important feature of the designed estimator
:42‘ R, 0 is: a) estimation dynamics is stable asymp-
-6 O;% S totically for any positive tuning gains of
2100 -80 60 40 20 0 -10 0 05 1 15 , matrix K;b) freedom in design of matrix

Re t,s K according to any optimization tech-

Fig. 3 nique for linear systems. As example, Fig.

3 shows the transients of the designed observer for the test condition of previous section if k, =k,...k,, =50
and t=0.2 ms. As it is observed from the transients reported in Fig. 3, the selected tuning provides the faster

current estimation error convergence compare to results of Fig. 2. Nevertheless selectivity property is lost in
this case. Hence proposed structure of the correction matrix may be recommended if all harmonics should be
estimated.

Adaptive current control with simultaneous harmonic estimation. On the basis of estimated cur-
rent harmonics, a reference is formed for the generation of compensating currents of the active filter. The

oE

. ok 3 T . .
reference for compensation current vector i = (1d,1q) is fed to high-speed PI current controllers, which form

* * * T .
the voltage vector u = (u $u q) of the voltage source inverter [13].

In this section we present a novel approach for SAF control which is based on adaptive current con-
trol with the estimation of current harmonics on the base current regulation errors signals.

The proposed algorithm involves the use of filter currents, so its design starts with consideration of
the filter model. Three-phase SAF diagram is presented in Fig. 1. SAF consist of the voltage-source inverter
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with capacitor C for energy accumulating and inductors L for filter currents i;,,15,1,. shaping by means of
applied inverter voltages u,,uy,u.. In Fig. 1 u_,,u_;,u_. — mains voltages, i_,,i_,i_.— mains currents,
14,1, 1, — load currents, V. — dc-link voltage, R — inductor’s resistance, Q, — Q,— IGBTs control signals.

Under suitable control of dc-link voltage such that V. assumed to be constant the averaged power
filter model is defined as

ifA =L (umA - u*AVDC —Ri;, )’
iy =L (U — 0y Vi —Rigy ), (17)
e =L (e —ue Ve —Rige ).

In synchronous reference frame d-q, aligned to the mains voltage vector, power filter model (17) be-

comes
. -R/L o V. . U
i, = Lol ——2Cu +L , (18)
-0, -R/L L Ll 0

T . .
where i, = (1fd ,1fq) — filter currents, U | — mains voltage magnitude.

Consider the load current i, (8) that have the main harmonic with frequency ®, and one higher

harmonic with frequency ho, : 1, =X, + Xy, + X4, 1, =X, +X,, +X,,- Load currents dynamics may be

described using (3) and
X4 =0, X,=0. (19)
According to Fig. 1 current balance in d-q reference frame is given by
i, =i —i;. (20)

In order to provide harmonic distortions and reactive power compensation, SAF current i, must

have opposite sign to the sum of harmonic distortions (Xdp s Xgps Xns X qn) and reactive component X .
Thus, the control objectives may be defined as

limi, , =X, Q1)

t—0

limi,,, =0. (22)

t—o0

From model (18) the dynamics of power filter currents can be written as
iy =—(R/L)iy + i, +Lv,,

' ) . (23)
=-wiy —(R/L)i, +L'v,,

1fCl

m

_ . 1 |(U T, .
if converter voltages are defined as u =—{[ 0 J— vdq} , where v, = (Vd,Vq) is the new control actions.
DC

Let us mark ¢ is the reference value of variable ¢, ¢ is the estimated value of variable @, @ is the
tracking error ¢=@—¢ or estimation error ¢=¢— ¢ of variable ¢.
Power filter current references from (21), (22) are given by
i:d=Xd0+(xdp+xdn)—§<d0=id0+(xdp+xdn), i:q=Xq0+(qu+an). (24)

From (23) and (24) filter current tracking errors dynamics becomes

= R~ Ry. ) B 1
iy = —flfd —E[xdo +(Xdp + Xy, )}4— Ol — Xy +hc01xqp —h(;)lan +Ivd,

(25)
< . R~ R h h 1
I, = -0/l —Elfq _E[qu +(qu + X )]— Xy, +hox,, +qu.
Define estimation errors as
X0 = Xg0 ~Xaos X0 =Xq0 ~Xg0s Xap =Xap ~ Xaps Xgp = Xgp ~ Xp s Xan = Xan ~ Xan s Xgn = Xgn — X s and con-

trol action
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v, = L[—mlifq -‘r(R/L)(Xdp +an)+f(d0 ~ho X, +ho X, —k“ifd],

1

v, = L|:(Dllfd +(R/L)(xqO +X, + an)+ ho X, —ho X, —k.llfJ.

Substituting (26) into (25) current errors dynamics becomes

iy = ki, —(R/L) Ry —(R/L)(Ry, + Ry, )~ hoo, (X, %, )
i, ==k, —(R/L)%,, —(R/L)(&,, + X, ) +ho, (—%,, +%,, ),
where k; =(R/L+k;).
Consider Lyapunov function

1 iy iy ~ ~ 1 ~ ~ ~ ~
\" :E (151 + 1ff|)+yl(x§0 +x§0)+y—(x§p + xzp +X5 +Xjn) .
2
The time derivative of (28) can be derived as follows:

V=—k(ii +i5) <0,
if

X0 =K 1y Xq0 = kllfq’

idp = _ho‘)liqp + ( R/L)"/zi‘d + Vzhwli‘qa ):Zdn = h®1)~(qn + ( R/L)YZIfd - YZhQ)I;fq’

iqp =hoX,, + ( R/L)yzffq - yzho)lffd, iqp =—hw X, + ( R/L)yszq + yzhcolid,

where vk, =R/L, k;, v, is the tuning parameters.

From (28) and (29) we conclude that signals ffd,ffq,ido,iqo,idp,idn,iqpan

(26)

27

(28)

(29)

(30)

are bounded, system (27),

(30) has standard form considered in persistency of excitation lemma [7], therefore we conclude that

1im(§If< £ X % XK
X3 fd » *fq 2> “*d0°>“*q0°“*dp?> “*dn>“*qp“rqn

mation are achieved.

From (30) h harmonic estimator equations are obtained as

Xgo =K 1y, Xq0 = _kllfq 5

A _ h A R g h s A _h ~ R ol h s
Xgph = mlxqph_EY2lfd_Y2 O L Xgnh = DO X _fyzlfd"‘yz O 1g

A _h A~ R 4 h od A _ h A R fod h o
Xgph = DO X4 _IY2lfq+Y2 01y, Xgh =~ mlxdnh_IYZlfq_ ;Y Ly -

Considering (31), a general form of N harmonics estimator may be described as

X0 = _kllt‘d >

)A(qo = —klifq,
X =AX+BU,
where
R e _R
) . L Y2 Y, L Y2
5 Xdp1 XapN R
N Xl ~ )qul n )A(qu ;fd B.l V20, _fyz AN
X= X, =] . Xy = . ;U=| . |;B=| : B/ = R ; By = R
)A( Tan Xaa ' B 7T 10 T V2
A A N
N X dn1 XN L L
R
Y, _f% V2O
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0 -o, 0 O 0 oy 0 0
A, 0 0
. o 0 0 0 oy, 0 0
A= 0 .0 A= ; Ay =
0 0 0 o 0 Oy
0 0 A,
0 0 -o 0 0 0 -oy 0

Adaptive current control in (26) is given by

. RY,. R - X R R <
Vyq :L|:_(’Ollfq +IZ(Xdpi +ani)+xd0 + Z(Di (ani _qui)_killfd )

i=1 i=1

RO K o (2 % :
Vq=L|:(D11fd+f Xq0+Z(qui+ani) +Zmi(xdpi_xdni)_killfq :
i i=1

. . Block diagram of the adaptive SAF current
ILq rLd control system is presented in Fig. 4.

To confirm the obtained theoretical results, a
simulation of the proposed SAF current control system
was carried out. The load current in (a-b) reference
frame is given by the sum of the main harmonic with
amplitude 10 A and higher harmonics up to 20®, with
the same unity amplitudes and phase shift equal
n/(i+1). The following SAF parameters were set:

R =0.12 Ohm, L =3 mH.

As it follows from transients in Fig. 5, pro-
posed control algorithm provides asymptotic current
regulation. From comparison of load and mains current
FFTs it follows that full cancelation of given harmonic
stuff is achieved. Waveforms of mains voltage and
current confirms unity power factor.

(33)

' Current
g ~"a| | controller

—» Harmonic
L | observer

Fig. 4
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Experimental results. This Section reports the results of experiments conducted to investigate the
dynamics of the estimator (16). The goal of the experiments is to analyze observer behavior in real system

with natural measurement noise and quantization effects.
The test rig includes: TMS320F28335 DSP—based controller for observer implementation; nonlinear
load, represented by bridge rectifier with capacitance filter and chopper for load current regulation. Sampling
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time during experiments is set to T, =75 ps. From preliminary tests with DSP TMS320F28335 it follows,
that selected level of sampling time provides stable harmonics estimation with numbers from 1* to 16",

The waveform and FFT of the uncompensated phase current are shown in Fig. 6, while compensated
one is in Fig. 7. From comparison of Fig. 6 and Fig. 7 it follows that waveform of compensated current is
close to sinusoidal and harmonics lower 16™ are significantly reduced. Low level residual distortions in cur-
rent waveform are present due to uncompensated, higher than 16™, harmonics.

Line grid phase current, A 0 FFT from phase current, A Conclusions. In the paper it

38 8 is shown that speed of convergence
10 6 for standard Luenberger observer
_@‘MLW—WLWM—W 4 with selectivity of estimation is lim-
20 21 l l ited by the estimator structure. Such
-30 ol I L observer is suitable in case if selec-

0 10 20 30 40 50 60 70 80 90t, ms 1 57 1113 1719 2325 2931 3537 4143 4749 N o .
tivity property is used to reduce the

Fig. 6 complexity of estimation scheme,
Line grid phase current, A FFT from phase current, A when not all harmonics are required
2 10 !
20 8 to be estimated. A novel structure of
10 6 the observer with filtered measured
0N N N N N i imati
10 4 currents is presented for estimation
-20 2 of all set of harmonics. Observer
-30 L £ 0 % O Y '
0 10 20 30 40 50 60 70 80 90t, ms O1 57 1113 1719 2325 2931 3537 4143 4749 n guarantees faSt asymptotlc conver-

gence with no phase delay and has
simple tuning procedure. The impor-
tant feature of the designed estimator is freedom in design of feedback coefficients matrix according to any
optimization technique for linear systems, which are stable for any positive tuning gains. The selectivity
property of the observer with filtered measured currents with correction matrix, given in (16), is lost in gen-
eral case, therefore such observer can be used for estimation of all harmonics with further compensation of
required ones.

Adaptive current controller presented in Section IV is a combination of harmonic estimator and cur-
rent control loop. Such approach allows to achieve the asymptotic estimation and asymptotic compensation
of all set of harmonics, however selectivity is not possible in this case. Simulation and experimental results
confirm theoretical findings and effectiveness of proposed estimation and control schemes.

Fig. 7
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