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Abstract: This paper deals with the quasi-instantaneous determination (in a single-step response
time) of apparent, active, and reactive (i.e., blind and distortion) power mean values including the
total power factor, total harmonic distortion, and phase shift of fundamentals of a power electronic
and electrical system (PEES) using the ip-ig method, which is the main contribution of the paper. The
power components’ mean values are investigated during the transient and steady states. The power
components’ mean values can be determined directly from phase current and voltage quantities,
using an integral calculus over one period within the next calculation step and using moving average
and moving rms techniques (or digital filtering). Consequently, the power factor can be evaluated
with known values of a phase shift of fundamentals (using a Fourier analysis). The results of this
study show how a distortion power component during transients is generated even under a harmonic
supply and linear resistive-inductive load. The paper contains a theoretical base, modeling, and
simulation for the three and single phases of the transients in power electronic systems. The worked-
out results can be used to determine and size any PES. The presented approach brings a detailed time
waveform verified by simulations in Matlab/Simulink 2022a and the Real-time HW Simulator Plecs
RT Box 1.

Keywords: AC system; apparent power; active power; blind power; distortion power; Clarke
transform; ip-ig method; power component mean values; power electronic and electrical system
(PEES); modeling; HIL simulation

1. Introduction

It is known that in power system theory, by now the instantaneous reactive power
theory (IRP) raised by Akagi, Kanazawa, and Nabae, and Czarnecki’s currents’ physical
component theory (CPC) based on the Budeanu method, are the most widely used [1-3].
Both line disturbances and the features of the connected appliances have an impact on the
quality of the electrical energy that is extracted from the network. We can list a variety
of power quality indices and events among the first ones, such as flicker, sags, transients,
and slot harmonics. Reactive power compensation devices, particularly active power
filters, have effectively utilized their application. Appliances, on the other hand, have the
ability to overload the network with a variety of waveforms, non-linearities, and higher
harmonics. For instance, the third harmonic current produced by switched-mode power
supplies, which are often used in television sets, personal computers, etc., is almost the
same size (80-90%) as the fundamental frequency component. In power systems, the range
of harmonic sources can be represented by these load types taken together. Note that
even seemingly small adjustments to control strategies and parameter settings can have a
big influence on the creation of a harmonic current. Only the active power component is
physically significant in an AC power network; the other components, apparent, active,
blind, and distortion, make up the electric power features [4,5]. The apparent power is the
sum of the active, blind, and distortion powers. Its size needs to be considered in the design
because it is transferred from the source to the load. The measurement of blind and/or

Energies 2024, 17, 2720. https:/ /doi.org/10.3390/en17112720

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17112720
https://doi.org/10.3390/en17112720
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-7294-0438
https://doi.org/10.3390/en17112720
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17112720?type=check_update&version=1

Energies 2024, 17, 2720

20f17

distortion power is related with certain challenges and cannot be accomplished using a
conventional ‘sinusoidal * wattmeter (power meter). However, the active power may be
determined and measured rather easily. The active power can be represented by the scalar
product of the voltage and current phasors, and the blind power by the vector product of
them, when rotating phasors of instantaneous time waveforms of voltages and currents are
substituted in complex plains [6,7]. It is necessary to know the phase displacement between
phasors in order to use this calculus. Determining the performance power factor’s value
is likewise related to this. Although both approaches have been modified, the majority of
methods for an instantaneous computation of power components as a function of time in
steady states are described in the previously mentioned literature [3]. However, in transient
conditions, it is frequently necessary to ascertain the average value of the apparent, active,
blind, and distortion power components. As a result, the study in this paper deals with the
calculation of the mean value of each power component in a single step in the transient
states of PEES, but it does not use Akagi’s p-q theory as in [8]. Numerous studies [9-12]
explain transient phenomena and Fourier analysis, particularly in power electrical and
electronic systems. The Fourier transform is a helpful technique for transient solutions
centered on harmonic analysis, as is made evident in [8]. However, during transient
situations, power component mean values are not solved in any of ref. [1-7].

This paper introduces the advanced power theory of electrical systems with non-
sinusoidal voltages and currents, based on the concept of current physical components
(CPCs), and compares it to the instantaneous reactive power theory (IRP) based on the
Clarke transform [13]. CPCs includes single- and three-phase systems with linear, time-
invariant (LTI), and harmonic generating loads. Work [14] brings a new physical interpreta-
tion of the reactive power, while work [15] describes physical phenomena that affect the
effectiveness of the power components’ transfer. A present point of view on the instanta-
neous reactive power theory is given in [16]. Unlike the id-iq method [17,18] that works in
a rotary coordinate system, the ip-iq method works with a stationary coordinate system.

Unfortunately, no one from the mentioned works [1-18] solves the problem of an aver-
age value of apparent, active, blind, and distortion power components in transient states.

In the article, there are the following four sections (besides the introduction), including:

- The ip-iqg method for the determination of the apparent, active, blind, and distortion
powers’ mean values during transients under the harmonic supply and linear LTI load;

- The determination of the power components’ mean values during transients under
the harmonic supply and non-linear load and under transient conditions caused by a
step change in the load;

- The determination of the power components’ mean values during transients under
the nonharmonic supply and LTI load and under transient conditions caused by a
switch-over decreased load;

- The application of the ip-ig method for a three-phase power system under steady and
transient states in Matlab /Simulink;

- A modeling and real-time (RT) simulation for single- and three-phase supply systems
under different steady and transient conditions using a HIL Simulator Plecs RT Box [19];

- A discussion of each mode of operation, also to time the waveform of each power
component during transient, and a conclusion.

2. Ip-Ig Method Used for Apparent, Active, Blind, and Distortion Power Components

The aim is to determine individual components of power as we know them from the
classical power theory [2,4]. So

Sav proportional to Upys X Lrys,
Pay proportional to Uyms X Ip,rms,
Qav proportional to (Urms X Igrms),
Dy proportional to (Urms X Iy rms),
and consequently

PFas ratio of P,/ Sav,
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THD—as ratio of D,/ Sa0,

and those as quasi-instantaneous quantities in any k-steps.
So, the first goal is the determination of the P,, and Qu, components using ip-ig
currents. Based on definitional relationships, the instantaneous power is given as [4]

s(t) = u(b)i(t) M

where u(t) = Upaxsin(wt) and i(t) is the calculated current course.
And for its mean value
Sav = Urmslyms. 2)

Each harmonic waveform can be decomposed into a sine and cosine component. So,
for the harmonic supply and linear RL load

i(t) = Inaxsin(wt — @) = ip(t) +14(t) = Ipsin(wt) + Iycos(wt) (©)]

where

U / . (T .

Similarly, for the power components

s(t) = u(t) [ip(t) +ig(t)] = p(t) +q(t). (5)

A graphic presentation is shown in Figure 1.
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Figure 1. Decomposition of time waveforms of harmonic current i(¢) into a sine and cosine component
(a) and power components’ time waveforms (b).

Thus, similarly as Sz in (2)
P, av — Urms Ip,rms (63)

and
Qav = urmqu,rms~ (6b)

Then the distortion power mean value (if exists) will be

Dgo = \V ng - ng - ng‘ (7)
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Although the Py, Quo, D4y power components are significant electrical quantities in
PEES systems, determining their instantaneous size during transients is not so simple, as
we can see in the next sections.

During Transients

Since the input voltage is shifted by an angle «

u(t) = Uysin(wqt + a) (8)

then
irp(t) = Iy {cos(wlt +a—¢@1) —cos(aw — (pl)e_t/ﬁ} + Tpe~t/m. (9a)
irp () = Iy [sin(a)lt +a— @) —sin(a — <p1)e_t/rl} + Ipe V7, (9b)

where [,;, = % and « is a voltage shift and I is the initial value of the current.

Transient components of igy (¢) are

Icos(a — @q)e /T 4 Ipe ™t/ (9c)

T

1 7.
7/ ip()dt and Iy ms(k) =
0

Iprms (k) < (10)

Using the movRMS function, we can calculate the RMS value of the currents both
during the transient and steady state, Figure 2.
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Figure 2. Principal time waveform of I (k) by using of movRMS method: step k = 0.5 ms, length
of sliding window I = T/2 = 0.01 s.

In generally, in the case of non-harmonic current,

Irms = \/Ilz,rms + Z I;%,rms (11)
n=2

But I ;5 (k) can be determined by [8], where there are more ways to do it:

- Using continuous-time filter;

- Using digital filtering;

- Using integral calculus;

- Using a discrete Fourier transform;

- Using artificial neural networks [20].
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The use of the continuous-time filter seems to be the fastest way to process a signal,
but it requires the use of auxiliary hardware for conversion and processing (DAC-ADC
converter, multiplier, integrator, etc.). So, the time of calculation also depends on the
settling time, time of conversion of DAC converter, and soon. The last two items are not
directly bound to the ip-ig method.

By this, we can use Fourier coefficients for the maximal value calculation of ip-ig
currents and their time waveforms.

The first term in Equation (11)

T
%/ﬂ(t)dt & using movRMS < ILrys(k) (12a)
0

Irms (t) =

or calculating the sliding window using the square or (more exactly) meander rule

2 + 12 N-1
Trms (k) = \l 0 Z ] (12b)
And the first term under sqrt in (11)
1 T
hms(t) = | 7 / 2(1)dt < using movRMS < Iy ys (k). (120)
0

So, for single power components, we can write:
For active power

T
Pao(t) = %fu 1 f u?(t)i3(t)dt < using movRMS < Py (k) (13)
0 \/

= urms (k) Ip,rms (k)

For other power components analogically:
For blind reactive power

Qtw(k) = Upms (k)Iq,rms (k) (14a)
although
1 .
Quyaolt) © 7 / Upaxsin(@t) Iy, gxc08(wt) = O (14b)
0
For apparent power
Sav(k) = urms(k)lrms (k) (153)

It can be also calculated as

Sav (k) = /P2, (k) + Q3, (k) (15b)

which is, in steady state, the same.
Since the distortion reactive power is, in steady state, equal to zero, distortion power
in the transient can be determined as

Dao (k) = Urms (6) L ons (K) = Upms (k) Bos (K) = 12, (6) (16a)

And it can also be calculated as

Dao(k) = /S2(K) — P, (k) — Q2,(K) (16b)
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power comp. S, P, Q, D [p.u.]

In practical simulation or implementation, the distortion power component Dy (k),
however, is not zero due to the different calculated time of Iy (k) and Ip, s (k) or I s (k),
respectively. The principal time waveforms of the power components S, P, Q, D (k) by
using the movRMS method are shown in both transient states’ start-up (a) and recovery (b),

Figure 3.
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Figure 3. Principal time waveforms of power components S, P, Q, D (k) by using movRMS method
in transient states start-up (a) and hypothetical recovery (b).

As can be seen from the figure, the apparent power (black) is not equal to the square of
the sum of the active and reactive ones (blue dashes). Let us name the difference between
these power components the fictitious distortion component (purple).

Let us note, in this regard, using the Fourier transform on Equation (9a) for the total
transient current waveform

. Upn T . . - _
irL(t) = 7"1 {sm(wlt +a— 1) —sin(a — ¢q)e t/ﬂ + Ipe /T

which consists of steady and transient components (two-times e~*/™). Since the equation
consists of steady- and transient-state components, we can write

FiRL (jw) = Fst—st(jw) + Firans (jw)

= U [ cos(wit — @1)e/@tdt + u’”fcos —@p)e t/Temiwtdt, (17)
0

Taking into account Tabs in [8], the Fourier transform of the iz (¢) function can be
derived (a simplified approach [8]), namely, using the time-shift rule

flttt) < dNF{f(t)} (18)

where t] = %

Then, for the steady-state component

Faat(jw) = /91 Fa_su{u(t)coswr 1} = Ureitt Foy_y{ J[efrt 4 o] } U Lol {F, [j(w — wn)] + Fulj(w +wn)]}

Um 1g]ww1 |:7'[(5(C()_w1)+]( ) +7T5( 1)+]‘(0J41>a)1):|

= uzm{g[ts(w —w1)+6(w+ wl)]el‘l’l + Wei% }
19)
And, for the transient component
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. o} _ u 1
Firans(jw) = Firans{ —=cos(—¢1)e Ual — 2™ P1—7- (20)
Z Z jw + o
This equation shows the distortion component is not quite fictitious.
(a) In the case of harmonic supply and non-harmonic current:
The total non-harmonic current can be decomposed
[e0]
Irms = \/Ilz,rms + Z Ilg,rms (21)
k=2

Diode rectifier - current output

We need to know Irs, I1 ris to determine the rms value of the sum of higher harmonics

0
2 2

Z Ik,i’ms = Iz,rms = Izrms — Il,rms

k=2

By this, we can use Fourier coefficients for the maximal value calculation of ip — ig
currents and their time waveforms

(22)

T
2 [, . . .
Lpmax = by = f/z(t)sm(wt)dt — zlp(t) = Ilp,maxsm(wt) (23)
0

The time waveforms of decomposed current components are shown in Figure 4.

Controlled rectifier - current output
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Figure 4. Decomposition of non-harmonic i(t) into sine and cosine components in diode rectifier (a)
and in controlled thyristor rectifier (b).

And
T

2 . .
Ngmax = a1 = f/z(t)cos(wt)dt — i14(t) = g maxcos(wt)
0

(24)

Using Equations (13)-(16), we obtain the active and blind reactive power components
Sav (k) P(l)av(t)r Q(l)av(t)/ and Dy (k)
(b) In the case of non-harmonic supply and quasi-harmonic current:

A classical non-harmonic rectangular time waveform causes under R-L load a non-
harmonic current, Figure 5.
The voltage and the current can be decomposed into p- and g- components.
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Non-harmonic supply, R-L load
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Figure 5. Non-harmonic rectangular time waveform of input voltage and responding non-harmonic
time waveform of current.

Since the supply voltage is non-harmonic

_ 2 2
Urms = \/ ul,rms + kzz uk,rms (25)

We need to know Uys, Uj 44y to determine the rms value of the sum of higher harmonics
uk,rms = Uy yms V U2y s — Ul,rms- (26)
k=2
The first term under sqrt

T

Uypms (k) < %/u(t)dt, using movRMS (27)
0
and
LT
Uy s (k) < ?/ul(t)dt, using movRMS (28)
0

By this, we can use Fourier coefficients for the maximal value calculation of the up, ug
voltages and their time waveforms

T

2 . .
Uipmax = b1 = ?/u(t)sm(wt)dt — ulp(t) = Utpmaxsin(wt) (29)
0
) T
Uigmax = b1 = T/u(t)cos(cut)dt — u14(t) = Ugmaxcos(wt) (30)
0

The time waveforms of the decomposed current components are shown in Figure 6.

Figure 6 shows non-harmonic input voltage (inverter voltage) u(t), its fundamental har-
monic, and its decomposition into ulp, ulq components (a), and also the decomposition of
the total current fundamental harmonic into ilp, i1q components, respectively. Decomposi-
tion (a) follows Equations (29)—(30) and decomposition (b) follows Equations (23) and (24),
in which the ip-iq method is included. So, again using Equations (13)-(16), we obtain the
active and blind reactive power components Sao (k) P(1)40(t), Q(1)40(t), and Day (k).
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Inverter - voltage decomposition

15 u Inverter - current decomposition
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Figure 6. Decomposition of non-harmonic input voltage u(t) (a), resp. i(t) (b) into a sine and
cosine components.

The calculated power components Sgy(k), Pao(k), Quo(k), and Dgy (k) are applied in
the next application section.
While for a non-symmetric system, the inequality holds

Xa(t) + xp(f) + xc(t) # 0, (31)

because of including a zero-phase sequence component x(f) into the Clarke transform [13].

v e [0 @) L e i < 2o V5 va| [mete
e R 1 e e B FR e 7 B

where a =—1/2 +v/3/2 and C; is the transformation constant.
We can also use the method of symmetrical components x7 5 0(t), [7,11].

x1(¢) [t e a7 [xq(t)
)| =21 a® a|l|x)]. (33)
wt)] 21 1] [k

The inverse transformation into the 4, b, ¢ system can be obtained using the inverse
transformation matrix. Consequently, the power in a non-symmetrical system also features
an instantaneous zero-sequence component po(f).

qupt) | = ig(t) |- (34)

Pap () g | valt) up(t) 0| Fin(t)
= 0
po(t) 2l 0 0“0 | [ig(t)

The phase power components p, ; .(f) can be expressed by the inverse transform of
Equation (34).

3. Application of ip-ig Theory on Three-Phase Network and Linear Time-Invariant
Load—Simulation Using Matlab/Simulink

The three-phase network and symmetric linear time-invariant R-L load can be con-
nected between each other:

- Directly, without any means of interconnection;
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- Employing a rectifier (controlled, uncontrolled);
- Employing an inverter (direct, indirect, or cycloconverter).

By the simulation of some of them, we can confirm the theoretical derivation per-
formed in the previous section.

3.1. Simulation Using Matlab/Simulink

There will be simulated transient states during the start-up and during a change in
the load of the chosen connection of the systems. As investigated, the quantities are time
courses of the power components’ mean values Sy, (k), Pap(k), Quo(k), and Dgy (k).

A. Direct connection

Parameters of the system for steady states at t €< 0.0;0.1 > and att €< 0.1;0.16 >
are given in Table 1.

Table 1. Parameters of RL load for steady states before and after load change in direct connection.

Load R[] L [mH] Z[0O)] 7 [ms] @ l°ell] cosg[—] sing[—]
before 18.4 43.94 23.09 2.38 36.87 0.8 0.6
after 36.8 43.94 39.30 1.19 20.56 0.94 0.35

Uyms = 230 V, f =50 Hz, three — phase system.

The start-up and load change simulation have been performed using Matlab/Simulink.
The time courses of the average power components are shown in Figure 7.

Power components
8000 i

—S
—S=sqrt(PA2+Q"2)

S [VA], P [W], Q [VAr], D [VAd]

1 |
o] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time [s]

Figure 7. Time courses of average power components during start-up and load changing in

direct connection.

The graphic interpretations of the Fourier transform amplitude spectra of both the steady-
state and transient components of the current are shown in Figure 8 in the absolute units.

80Amplitude spectrum of st-st component 0 OéASmpIitude spectrum of trans. component

60 Yoor _ oos —F g ()l
< <
§ — |Fst-st(jw)| §
40 S 0.025
@ 2
% 8
L [Tha
20 — 0.02

0 JL 0.015

0 200 400 600 800 0 200 400 600 800
w [rad/s] —> w [rad/s}>
(@ (b)

Figure 8. Amplitude spectra of steady-state (a) and transient component (b) under R-L load in
transient phenomenon at switch-on of system.
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Since the time constant 17 is rather small (cca 2.4 ms), i.e., smaller than one-fourth of
the time period (Table 1), the predominant component is the steady-state one.

3.2. Case of Non-Symmetrical Load

The load asymmetry has been provided by a different value of resistor in one phase.
The resistors of the asymmetrical phase c are R, = 10 () and 20 ). Parameters for both
steady states are given in Table 2.

Table 2. Load parameters for steady states before and after load change in case of non-symmetrical load.

Load R, [Q] L [mH] Z|Q)] T, [ms] @a [®el.] cos@g[—] sing,[—]
before 10 43.93 17.04 4.39 54.07 0.59 0.81
after 20 43.93 24.29 2.19 34.61 0.82 0.57
Simulation results before and after change (at steady states)
Time Sav[VA] Pay[W] Q. VAr] D4y [VAd} PF[—] P14y [W] Poao[W]
t=01s 3098 1264 2828 0 0.408 1264 0
t=0.16s 2173 174.9 2166 0 0.08 174.9 0

Uyms =230V, f =50 Hz, three — phase system.

Power component average values, computed in Matlab/Simulink, are given in Table 2.
Network voltages and currents in 4,b,c, N coordinate system at steady states are
shown in Figure 9a,b.

Phase currents

I
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Time [s]
(a)
Power components —S
4000 T T —sqri(Pr2+Qr2)
3000
)
£ 2000 -
=]
z 1000 _
2
g 0 =
z \
a -1000 i) 7
g \
Z 2000 —
0 ! N ax
3000 S : 1
| | 1 | 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
- Time [s]
(b)

Figure 9. Network phase currents (a), and corresponding to them, power components (b) under
symmetrical network supplying non-symmetrical linear RL load.

In this case, the network neutral is connected to the load neutral. Therefore, current Iy
flows through the neutral wire despite the voltage zero-sequence being zero. It is interesting
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that active power in the steady state after the transient is smaller than before, Figure 9b,
although load resistance in phase “c” is changed to double. But the phase current i. and
the current of neutral Iy are in antiphase (shifted by 180 °el.), Figure 9a. So, the power
loss (Joule loss) in the neutral wire acts negatively on the load active power. During the
transient state, waveforms feature oscillating characters, and the power component Po is
zero, due to the zero-sequence component Uo equal to zero.

B.  System with the connection of a diode rectifier

Let us consider systems supplied from a harmonic network and equipped with a
three-phase diode rectifier with a linear resistive R-L load, Figure 10.

X & XN L
ao—{ -y o R %
b o— Unc
co— - R

X &~ A

Figure 10. The basic scheme of the considered systems—diode rectifier.

Parameters for steady states at t €< 0.0;0.1 > and att €< 0.1;0.16 > are given in
Table 3.

Table 3. Load parameters for steady states before and after load change in diode connection.

Load R[] L [mH] « [deg}
before 41.91 100 0
after 83.82 100 0

Upms =230V, f =50 Hz, three — phase supply system.

The start-up and load change simulation have been performed using Matlab/Simulink.
The time courses of average power components are shown in Figure 11.

Diode rectifier power components

—S
—S=sqri(P"2+Q"2+D"2)
\ P

;\\ —Q

N——

1, Q [VAT], D [VAd]

S VAL P W

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time [s]

Figure 11. Time courses of average power components during start-up and load changing in
diode connection.
C. System with the connection of a controlled rectifier

Let us consider systems supplied from a harmonic network and equipped with a
three-phase controlled rectifier and a linear resistive R-L load, Figure 12.
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Figure 12. The basic scheme of the considered systems—controlled rectifier.

Parameters for steady states at t €< 0.0;0.1 > and at t €< 0.1;0.16 > are given in
Table 4.

Table 4. Load parameters for steady states before and after load change in controlled rectifier connection.

Load RI[O] L [mH] o [deg}
before 41.91 100 0
after 41.91 100 30

Upms =230V, f =50 Hz, three — phase supply system.

The start-up and load change simulation have been performed using Matlab/Simulink.
The time courses of average power components are shown in Figure 13.

Controlled rectifier power components
T

8000

7000

0 0.02 0.04 0.06 0.08 0.1
Time [s]

Figure 13. Time courses of average power components during start-up and load changing in con-
trolled rectifier connection.
D. Three-phase inverter type of VSI and linear RL load

Let us consider systems supplied from a harmonic network and equipped with a
three-phase VSI inverter and a linear resistive R-L load, Figure 14.

— | ®® @ |
AT eee] «~

Figure 14. The basic scheme of the considered systems—VSI inverter.
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Parameters for steady states at t €< 0.0;0.1 > and at ¢t €< 0.1;0.2 > are given in
Table 5.

Table 5. Load parameters for steady states before and after load change.

Load RI[O] L [mH] Z[O)] T [ms] ¢ [°el] cosg[—] sing[—]
before 9.2 43.93 16.58 4.775 56.31 0.550 0.835
after 18.4 43.93 23.00 2.387 37.87 0.797 0.604

Urms =230V, f =50 Hz, three — phase system.

The start-up and load change simulation have been performed using Matlab /Simulink.
The time courses of average power components are shown in Figure 15.

Inverter power components
I

8000 S

~ —sqri(PA2+Q"2+D"2)
= 7000 S— P

b . —Q

2. 6000 — — —D |
fa) / — -

T 5000 { | —
> —

o 4000 —

2 3000 \ —

o \

= 2000 \ |
>

o 1000

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time [s]

Figure 15. Time courses of average power components during start-up and load changing.

4. Verification of ip-ig Theory by a HIL Simulation (in Real Time)

A HIL simulator presented by the Plexim RT Box 1 with CPU cores 2 x ARM Cortex-A9,
1 GHz, is suitable for HIL simulations of power electronic circuits of moderate complexity
and for single-tasking control prototyping [19]. The block scheme for interconnection of
the microprocessor board with the RT Box and its assembly is shown in Figure 16.

Analog signal 0
AC Voltage

Analog signal 1
AC Current

LAUNCHXL-
RTBox 1
Digital signal 0 F280049C
Load connection
Digital signal 1
Load switching
@ (b)

Figure 16. A block scheme of HIL simulator type of RT Box 1 (a), and its assembly photo (b).

There are simulated transient states during the start-up and during the changes in the
load as they have been chosen in Section 2. As investigated, the quantities are time courses
of the power components’ mean values Sgy(k), Pao(k), Qao(k), and Dy (k).

A. Direct connection of RL load to the network

Parameters of the system for steady states at t €< 0.0;0.1 > and att €< 0.1;0.16 >
are given in Table 1 above.

The start-up and load change simulation have been performed using Matlab /Simulink.
The time courses of average power components are shown in Figure 17.
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Figure 17. Time courses of average power components during start-up and load changing.

B.  System with the connection of a diode rectifier

Let us consider systems supplied from a harmonic network and employing a three-
phase diode rectifier with a linear resistive R-L load (Figure 9 above). Parameters for steady
states at t €< 0.0;0.1 > and at t €< 0.1;0.16 > are given in Table 3 (in Section 2 above).

The start-up and load change simulation have been performed using Matlab /Simulink.
The time courses of average power components are shown in Figure 18.

BDOO
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D
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1000
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Figure 18. Time courses of average power components during start-up and load changing.

5. Discussion and Conclusions

This paper shows the behavior of power electronic systems, as well as power systems,
under transient states presented by a step change of the load or another quantity, using
the instantaneous reactive power ip-iq method. The simulation was performed under
different types of loads and supply voltages (linear and non-linear load, sinusoidal and
non-sinusoidal voltage). The simulation results are shown with the quasi-instantaneous
determination of power components’ mean values, including the phase shift of fundamen-
tals (resp. cos ¢1) and total power factor PF. The waveforms of apparent, active, blind,
and distorted power components are displayed in the timeline. It has been shown that the
distortion power components are generated during the transient under harmonic supply
conditions and linear load.

The moving average and moving rms methods have been used to determine a power
component’s mean values in the next calculation step, directly from measurable phase
current and voltage quantities.
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The results are comparable with those obtained using the p-q method (IRP), published
by the authors in paper [8].

A comparison of the working-out results of the HIL and Matlab/Simulink has shown
that these are nearly identical. The essential difference is in the time of the computation. In
the case of HIL, the quantities sensing and computation of power components, including
the moving RMS, takes about 5 microseconds, which is practically real-time, unlike the
Matlab/Simulink simulation.

Finally, while the p-q method does not allow a direct application to a single-phase
system or an unbalanced load, the ip-iq method using decomposition into Fourier coeffi-
cients yields results like the p-q method without the mentioned disadvantages. Moreover,
neither the IRP method nor CPC method investigates the instantaneous power components
in transient states which is the main contribution of this paper.
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Nomenclature

PEES power electrical and electronic systems

AVE (ave) average value or function

RMS (rms) root mean square value or function

N number of sliding window points

Cr Clarke transformation constant

p-q instantaneous active and reactive power method
ip-iq instantaneous active and reactive power method
p(t), q(t) instantaneous active and reactive power components
ug(t), ug(t) phase voltages in &, -coordinate system

in(t), ip(t) phase currents in «, f-coordinate system

Aq the amplitude of phase current

Sav apparent power

Py active power

Quo reactive blind power

Dy reactive distortion power

PF power factor

THD total harmonic distortion

P active power of fundamental harmonic

Poay active power of a zero-sequence component

Sav(k) ... Dgo(k)  discretized power components at k- time instants
Xg,p,0(t) components of a non-symmetrical system in «, - coordinates
Xgp,c(F) components in 4, b, c- coordinates

ug (), io(t) voltage and current zero-sequence power components
in(t) neutral wire current

ipn(t) sum of high harmonics

Igt-st steady-state current component

¢1,CO5¢1, T phase shift, PF of fundamental harmonic

Z, R, L impedance, resistance, and inductance of the load
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