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Abstract: Conventional model predictive power control (MPPC) features a simple concept and quick
dynamic response. However, it relies heavily on the system model and its parameter accuracy. Furthermore,
the steady ripples are still high due to the use of one voltage vector during one control period. Recently,
model-free predictive current control (MFPCC) has been proposed in the current control of PWM rectifiers.
Despite the strong parameter robustness, the principle of MFPCC cannot be directly applied to power
control, because the relationship between power and converter voltage is more complex. This paper first
proposes a basic model-free predictive power control (MFPPC), which successfully extends the principle
of MFPCC to power control. Subsequently, an improved MFPPC is proposed, which uses an extended
finite control set of voltage vectors to improve the steady-state performance. Furthermore, by using
the online updated ultralocal model of PWM rectifiers, the problem of stagnant power updating in basic
MFPPC is solved. The ideal three-phase grid voltages are symmetrical and sinusoidal, but the actual
grids are usually unsymmetrical. In this paper, the proposed method is extended to asymmetrical power
grids by adding an appropriate compensated power to the original power references. The proposed basic
MFPPC and improved MFPPC are compared to conventional MPPC. The presented experimental results
confirm the effectiveness of the proposed methods.

Keywords: predictive control; power control; PWM rectifier; robustness

1. Introduction

Compared to conventional diode rectifiers, three-phase pulse-width-modulated (PWM)
rectifiers have many advantages, such as bidirectional power flow, decoupled control
of active power and reactive power, sinusoidal grid currents, and good DC-link voltage
regulation ability [1]. In recent years, many scholars have carried out extensive research on
the high-performance control of PWM rectifiers in industrial fields.

As a widely used control method, voltage oriented control (VOC) [2] can obtain
good steady-state performance, but it requires some tuning work due to the use of a
proportional integral (PI) controller, and the dynamic performance is not ideal. Direct
power control (DPC) [3,4] is based on instantaneous power theory by selecting appropriate
vectors to directly control active power and reactive power, which features a very quick
dynamic response. However, the control performance depends on the accuracy of the vector
table and has a large steady-state ripple. Model predictive control (MPC) can achieve better
steady-state performance than DPC and similar quick dynamic response to DPC, so it has
attracted wide attention [5,6]. Different from the switching table in DPC, MPC uses a cost
function, which is usually defined as the power error between the reference value and
predicted value, to select the best voltage vector. As a result, the selected voltage vector
is more accurate and effective than DPC [7]. However, MPC relies on an accurate system
model and parameters to predict the future behaviors of the concerned variables. When
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there are parameter mismatches caused by the working condition, the control performance
may deteriorate. Furthermore, the steady-state performance still needs to be improved due
to the limited number of basic voltage vectors in the two-level converter.

To solve the problem of parameter dependence, scholars put forward disturbance-
observer-based control [8], which includes the Luenberger disturbance observer [9], ex-
tended state observer (ESO) [10], sliding mode observer, and so on. The disturbance
observer can observe the disturbance caused by parameter changes in real time and add
the observed disturbance to the original control algorithm to compensate for the error
caused by the disturbance. References [9,11], respectively, apply the Luenberger dis-
turbance observer and the ESO to a PWM rectifier to compensate the errors caused by
parameter perturbation in real time, resulting in favorable robustness.

There are also some control methods that have been extensively studied because they
are insensitive to system parameter changes, such as sliding mode control [12], adaptive
control [13], and model-free control (MFC) [14-17]. MFPCC is a popular control method
based on current differences by combining MFC and predictive control [15,17]. In [14],
the MFPCC method uses only the difference between the stator current and the current
in the past to achieve current prediction without using motor parameters. However,
the prediction accuracy of MFPCC may be affected if a certain voltage vector is not applied
for a relatively long period, which is called stagnant current updating. In this way, the stored
current difference is not updated in a timely manner and would cause prediction error.
To solve the problem of stagnant current variation update, various methods have been
proposed in the literature. For example, in [17], the grid current variation is calculated
from four estimated variables without using a lookup table. As these four variables
are calculated in each control period, the stagnant current variation update is removed.
However, so far, most of the MFC methods in existing papers are based on current control
and cannot be directly used for power control, as shown in this paper.

Another kind of MFC method is based on an ultralocal model [18]. The uncertain term
of the ultralocal model can be obtained by the differential algebra method [18] and ESO [19].
However, most of the MFC methods based on the ultralocal model assume that the gain
of the input is at least roughly known, and the tuning work is generally unavoidable.

Generally, the consumer using direct current is not directly connected to the AC
grid, but through a converter, such as a PWM rectifier in this paper. There are many
more types of AC loads connected to the network, and these AC loads are the main
source of gird imbalance. The single-phase load, grid faults, voltage dip, and so on, are
possible factors for the grid imbalance. This is a common phenomenon for the three-
phase network, especially in rural areas equipped with weak grids. This may cause
current distortion and twice grid-frequency power fluctuations, if the control method
developed for ideal grid voltages is directly used in the PWM rectifier [1]. Scholars have
proposed various methods to eliminate the undesirable effects caused by nonideal power
grids [20]. The prior methods were usually based on VOC and require much tuning work
due to the additional PI controllers [21]. Recently, the power compensation technique
was proposed [22], which is especially suitable for DPC [4] and MPC [6] with complex
power as control variables. By simply adding the power compensation to the original
power reference without modifying the internal structure, various control targets can
be realized [23], such as sinusoidal and symmetrical grid currents, active power ripple
cancellation, and reactive power cancellation.

This paper proposes two MFPPC methods to achieve accurate and robust power
control for PWM rectifiers, even under the condition of unsymmetrical grids. The main
contributions of this paper are threefold. Firstly, the principle of MFPCC based on current
difference detection is successfully extended to MFPPC, which uses an improved complex
power variable. In this way, the proposed basic MFPPC inherits the quick response and
simple principle of the conventional MPPC method and provides strong robustness similar
to that of the conventional MFPCC method. Secondly, to further improve the control
accuracy, this paper proposes an improved MFPPC method based on a reconstructed
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ultralocal model. It is updated by using the improved complex power, which is calculated
by the grid voltage and current of the past control period. Therefore, the gain of the input
voltage and the uncertainty of the system are estimated and updated in each control
period. According to this updated ultralocal model and by using an extended set of voltage
vectors, the optimal voltage vector is obtained by cost function evaluation to achieve
further power error minimization. Finally, by compensating the power reference value
under the unsymmetrical power grid, the proposed methods achieve three control targets,
including sinusoidal and symmetrical grid currents, active power ripple cancellation, and
reactive power cancellation. These three control targets can be easily achieved by tuning
a gain in the universal expression of compensated power. The experimental results are
presented to validate the effectiveness of the proposed method.

2. Conventional MPPC Based on Accurate Model
2.1. Accurate Mathematical Model

Figure 1 shows the topology of a two-level three-phase PWM rectifier, where R, L, C,
and Ry indicate the resistance of the input filter, the inductor of the input filter, the DC-side
capacitor, and the load resistor, respectively.
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Figure 1. Topology of a two-level PWM rectifier.

The three-phase system can be expressed concisely using complex vectors [24]. In this
paper, the mathematical model of the PWM rectifier in a two-phase stationary frame is
expressed using the complex vector as [6]:

g—i—v )

=Ri+ L
e 1+ T

where e, i, and v are the grid voltage vector, the grid current vector, and the rectifier voltage
vector, respectively.

According to instantaneous power theory [25], the complex power on the grid side
can be computed as:

5= %(i*e) —P+jQ @

where P = Re(S) and Q = Im(S) represent the active power and reactive power, respec-
tively, and i* represents the conjugate of the grid current vector.
According to (1), the derivative of the grid current can be obtained as
di 1
O Z(e—v—Ri
7 = [e—v—Ri) ®)
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Under the symmetrical and sinusoidal grid voltage conditions, the derivative of the
grid voltage is expressed as:

% = jwle|e/!t = jwe 4)
According to (2)—(4), the derivative of the complex power can be obtained as [6]:
as 1/3 . ,
i L(2(|e|2—v e) —(R—]a)L)S> (5)

2.2. Conventional MPPC

In the conventional MPPC method [6], the cost function is defined as the absolute
value of the power error, and it is expressed as:

g = |Sref _ Sk+2‘ (6)

where §¢f = P/ 1 jx Q"/, with P/ being the active power reference value and Q"
being the reactive power reference value. P/ is obtained from the outer DC voltage
loop using a proportional integral (PI) regulator. To achieve an instantaneous power factor
operation of the system, the reactive power reference value Q™ was set to zero. In addition,
§k+2 is the complex power at the (k + 2)™ instant, and its calculation is as follows.

According to Formula (2), the complex power S*1 at the (k+ 1)™ instant can be
obtained as follows:

3
Sk+1 _ i (ik-‘rl*ek-‘rl) (7)

where the grid voltage and current at the (k + 1) instant are

e = eTseek = (1 + jwTy)ek (8)
el — gk TT (ek - Rik) )

and Ty is the sampling period.
The complex power at the (k + 2)™ instant considering one-step delay compensation
is calculated as follows:

Tsc 3
14

It can be seen from Formula (10) that the prediction of complex power is dependent
on the system model and parameter accuracy. In practical applications, the model uncer-
tainty and parameter variations caused by temperature and working condition may affect
the prediction accuracy and the control performance.

Sk+2 _ Sk+l + (|ek+1|2 o vk+1*ek+1) _ (R _]'wL)SkJrl) (10)

3. Proposed MFPPC Based on Ultralocal Model
3.1. Principle of the Proposed Basic MFPPC

The conventional MFPCC has been successfully validated in the current control of the
PWM rectifier [15], where the current difference corresponding to various voltage vectors
is stored and used in the stage of current prediction. The lookup table storing the current
differences is updated at each sampling instant when the measured current is available. In
this paper, the principle in [15] is firstly reproduced and applied for the power control of
the PWM rectifier. By storing the power difference under different voltage vectors at the
previous moment, the complex power difference in the (k)™ and (k + 1)™ sampling periods
is expressed as:
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(11)

ASF 1ok = gkF1 — gk
AskJrl |,Uk+1 —_ Sk+2 _ Sk+1

where S¥, $¥*1 and S*+2 represent the complex power calculated at the (k)™ (k + 1),
and (k + 2)™ instant, respectively. Here, v is the voltage vector applied between the (k)
instant and the (k + 1)™ instant, and ©**1 is the voltage vector applied between the (k 4 1)t
instant and the (k + 2)" instant.

According to Formula (11), the complex power S¥1 at the (k + 1) instant is predicted as

Sk — gk 1 ASK | o (12)

where AS*|9* is obtained from the lookup table storing the complex power difference
corresponding to v*.

Taking into account the one-step delay in the digital system, the complex power §+2
at the (k -+ 2)™ instant can be obtained from (11) and (12) as

Sk+2 — Sk+1 + Ask-‘rl |7Jk+1

= SF 4+ ASKIoF  ASKHT | pFH] (13)

where ASK+1|9/+1 is obtained from the lookup table storing the complex power difference
corresponding to oF*+1.

However, the conventional MFPPC method using (12) and (13) cannot work stably,
because the complex power is not only affected by the applied voltage vector, but also
related to the grid voltages. Figure 2a shows the simulation results for conventional MFPPC
using (12) and (13). It is seen that both active power and reactive power cannot track the
reference value and the system is unstable. The main reason is that the power is not only
affected by the converter voltage vector, but also the grid voltage vector, as shown in (5).
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Figure 2. Cont.
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Figure 2. Simulation results of (a) conventional MFPPC and (b) the proposed basic MFPPC.

To solve the problem of the poor control performance of the conventional MFPPC
method, this paper proposes a basic MFPPC method based on an improved complex power
difference. This improved complex power difference is defined as

AS. = AS/e (14)

which is different from the conventional power difference in (11) by considering the influ-
ence of the grid voltage vector.

Combining (11) and (14), the improved complex power of the corresponding voltage
vector can be obtained as

ASKH1 | pk+1 (15)
ek+1

k| ok
ASEIok = 850
e
ASIeH'l | o+l =

Therefore, the complex power $*2 at the (k + 2)™ instant can be predicted from (13)
and (15) as

G2 — gk+1 4 ( ASkH |vk+1> s

=S4 (ASL‘ | vk> ek + (AS’E‘Jrl Ikarl)ekJrl (16)

where ASK 1% and ASE+1 1 vF+1 are the improved complex power differences corresponding
to o¥ and v**, respectively.

Formula (16) indicates that, compared with Formula (10), which needs the accu-
rate system model and parameters to predict the complex power, the power prediction
in the proposed basic MFPPC method is only related to the improved power difference.
Therefore, the proposed basic MFPPC has good parameter robustness. The improved
power differences corresponding to different voltage vectors are stored in a lookup table
and used in the stage of complex power prediction, as shown in Figure 3. At the (k)
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instant, the complex power can be calculated from the measured grid voltages and currents.
Meanwhile, the improved complex power corresponding to the voltage vector applied
between (k — 1) and (k)™ is updated in the lookup table. The complex power at (k + 2)%
is predicted according to (16) by finding the improved complex power stored in the lookup
table for the same voltage vector. The simulation results of the proposed basic MFPPC method
using improved complex power difference are shown in Figure 2b. Compared to the results
in Figure 2a for conventional MFPPC, the proposed basic MFPPC can achieve accurate power
control and the system is stable, validating the effectiveness of the proposed method.

Sk Sk+1 Sk+2

' AS," 1V +A5j“ Y

Vo,7

ASeO ASel ASeZ ASe3 ASe4 ASeS ASe6

Figure 3. Basic schematic diagram of the proposed basic MFPPC method.

3.2. Principle of Proposed Improved MFPPC

Although the proposed basic MFPPC achieves accurate power control, there are
still irregular spikes in the active power, as shown in Figure 2b. This phenomena is
similar to that in conventional MFPCC [14,15], which is mainly related to the stagnant
updating of stored current or power differences. To solve the problem of update stagnation
in the proposed basic MFPPC method, this paper proposes an improved MFPPC method
with fast power difference updating based on the ultralocal model.

The ultralocal model of the PWM rectifier in a two-phase stationary frame can be obtained
as [18]

das

E:F—lev (17)

where F represents the unknown parts of the system and possible disturbances and «
is the gain of the input. Generally, F can be estimated using the differential algebra
method [18] and ESO [19]. However, these methods are relatively complicated and require
some tuning work. Furthermore, the gain « is assumed to be roughly known or obtained
based on empirical experience. This makes the use of the ultralocal model not universal
in practical applications.
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The proposed improved MFPPC method combines the ultralocal model with the
idea of the improved power difference to effectively avoid the influence of the parameter
inaccuracy of the PWM rectifier. Through the estimation of the « and F parts in the ultralocal
model of a PWM rectifier, the improved power difference information corresponding to all
voltage vectors can be updated in each control period. On the contrary, in the proposed
basic MFPPC, only one improved power difference can be updated.

To obtain the estimation of « and F, the complex power values at the (k —2)t, (k —1)
and (k)™ instants need to be recorded. According to (2) and (15), the improved complex
at the (k —2)™ and (k — 1)™ instances is expressed as follows:

{Asgl = ittt

k—1
k—2 3 ikfl*e%—l _jk=2x gk=2 (18)
Ase =7 k2

th
7

where i¥, i*=1, and i*~2 represent the grid current detected at the (k)*, (k — 1)% and
(k — 2)™ instants, respectively. In addition, e, k=1, and ef~2 represent the grid voltage
detected at the (k)™, (k — 1)™, and (k — 2)t instant, respectively.

According to (17) and (18), the proposed complex power difference in the (k — 1)1

and (k — 2)™" sampling periods can be calculated as follows:

ASET g k—1,%

T%C ) =F'+av (19)
ASe T _ pk=1 4 k=2

TSC

where FF and F¥~1 are considered to be approximately equal because of the high sam-
pling frequency.
Solving (19), & can be calculated as follows:

ASK—1 — ASk=2

= 20
O T (o1 —ok2) (20)
By substituting (20) into (19), F can be obtained as follows:
Ask—l
F=—‘— —aof1" (21)

sc

After obtaining « and F in the ultralocal model of (17), the complex power prediction
Sk+2 at the (k 4+ 2)™ instant can be obtained from (7), (20), and (21) as:

§52 = §41 4 (F 4 a0 1) Tyceht! (22)

Compared to the power prediction in (16) of the proposed basic MFPPC, the power
prediction in (22) is more accurate and timely, because both & and F are online updated
in each control period, which solves the problem of stagnant update in the proposed ba-
sic MFPPC. However, as only one voltage vector is applied during one control period,
the steady-state performance is still not satisfactory. To improve the steady-state perfor-
mance of the proposed basic MFPPC, this paper adopts an extended finite control set
including 20 voltage vectors rather than 8 voltage vectors in the basic MFPPC. Figure 4
shows the 20 voltage vectors, which include 8 basic voltage vectors and 12 synthesized
voltage vectors. These 20 voltage vectors are listed in Table 1.

After obtaining the predicted value of the complex power by using (22), the next step
is to find the optimal voltage vector among the 20 voltage vectors in the proposed MFPPC
to minimize the cost function in (6). This part is the same as in conventional MPPC except
that the voltage vector evaluation is 20 instead of 8. The control diagram of the proposed
MEFPPC is shown in Figure 5.
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Figure 4. Extended finite control set of voltage vectors.

Table 1. The 20 extended voltage vectors in the proposed MFPPC.

Vector No. Complex Vectors
vy fUpc
%) %UDCEj 3
v3 Upce ™
(2 —3Upc
vs 2Upcel ¥
Vg %UDCej%n
'00,7 0
(%3 % UDCef%
Vg ﬁ Upc
010 % uDCejSTn
011 % uDCej%n
v12 \% Upc
013 % Upce i
v14 iUpc
015 %UDCEJ%
V16 LUpce ¥
vy —1Upc
018 %UDCej%n

i 51
v19 LUpcel
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Figure 5. Control diagram of the proposed improved MFPPC method.

3.3. Operation under Unsymmetrical Grid Conditions

Under actual working conditions, the power grid voltage is often asymmetrical due
to load asymmetry, power grid failure, and other factors. This is a common phenomenon
for the three-phase network, especially in rural areas equipped with weak grids. To
make the proposed method in this paper universal and versatile, three control targets are
considered. The targets I, II, and III are sinusoidal and symmetrical grid currents, active
power ripple cancellation, and reactive power cancellation, respectively.

The three-phase PWM rectifier is a three-wire connection system. Hence, the zero
sequences of both three-phase grid voltages and currents are always zero [26]. Hence, the
grid voltage under asymmetrical grid conditions can be expressed as

e=e" +e” (23)

where e and e~ represent the positive and negative sequence components of the grid
voltage, respectively. The positive and negative sequences component of the grid voltage
under an unsymmetrical grid conditions are extracted by the generalized discrete Fourier
transform (GDFT) harmonic extraction method [27], which has the ability to suppress
the low-order harmonics. Hence, the proposed method is also effective even if there are
some low-order harmonics, namely unbalanced and distorted grid voltages. It should be
noted that the decomposition of the positive/negative sequence component for voltage e is
only applied in the stage of power compensation to achieve various control targets, which
acts in the outer control loop, as shown in the bottom right of Figure 5. In the internal
control loop, to achieve fast and accurate tracking of the power references, the real-time
value of voltages and currents (including w-axis and B-axis components) should be used.
Following the principle of power compensation in [22], the power compensation
for each control target is summarized in Table 2 [23]. By analyzing the three power
compensation expression, a unified power compensation can be obtained as follows:
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m e_ T . e_ T
e P:zk.Re(eTsef) +]~2(1—k)~Im(e—+Sef> (24)

where k (0 < k < 1) represents a coefficient, which can be adjusted to achieve different
control targets. k = 0.5 achieves target I, k = 0 target II, and k = 1 target II. After that,
the new power reference value is obtained by adding the power compensation value
to the original power reference value.

Table 2. Power compensation value under three control targets.

Control Target Power Compensation Value
Target 1 seomp — ¢_gref
Target II SOMP = j %2 . Im (%Sref)

Target 11 5o = 2. Re (& 57)

4. Experimental Results

In this section, the proposed two MFPPC methods are experimentally tested on a two-
level platform shown in Figure 6. The experimental platform is composed of a three-
phase two-level PWM rectifier, a digital signal processing (DSP) control board, a personal
computer (PC), a scopecorder, a programmable AC source, three-phase filter inductance,
and load resistance. For the aim of comparison, the results obtained from conventional
model-based MPPC are also presented. The parameters of the PWM rectifier and control
systems are listed in Table 3. To achieve the instantaneous power factor operation of
the system, the reactive power reference value Q"*/ was set to zero.

PWM rectifier

DSP board

Figure 6. Experimental platform for the PWM rectifier system.
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Table 3. System and Control Parameters.

System Parameter Symbol Value
Line resistance Ry 03Q
Line inductance Ly 10 mH
DC-side capacitance C 840 uF
Load resistance Ry 100 O
Line-line voltage U, 150V
Line voltage frequency f 50 Hz
DC-side voltage Upc 300V
Sampling frequency fs 20 kHz

The experimental results of different control methods when the inductance changes
are shown in Figure 7. The control performance of conventional MPPC, the proposed basic
MFPPC, and the proposed improved MFPPC method were compared under four different
values of the precise inductance parameter: L, 0.5 L, 0.75 L, and 1.25 L. The active power
reference value was set to 1 kW. The conventional MPPC method produces large ripples
in the active power and reactive power at 0.5 L and 0.75 L, and the grid current is distorted.
In contrast, the proposed basic MFPPC method avoids the dependence on a precise system
of parameters, the active power and reactive power remain constant, and the current is
sinusoidal. The improved MFPPC method exhibits better steady-state performance than
that of the proposed basic MFPPC method. Table 4 shows the THD of the grid current
with inductance parameters of 0.5 L, 0.75 L, and 1.25 L. The THD of the grid current under
the improved MFPPC method is smaller than the other two methods. This results verify
that the best steady-state performance and strong parameter robustness are both achieved
in the proposed MFPPC.

-y H (20. 00ms/div]
L/L 10 075 —— =
I 0.5 f : :

" P(0.5kW/div) N . T N |
Wt s ahirnstpissngsnrmat PN AN A AT s M s B : : -
20ms/div .

- Q(0.5kVar/div) | | |
WW“WWMMWWWW

Cabc( 125V/div)

S8

Figure 7. Cont.
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L/L 10 | | Tt
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Lo ESA/div

(<A/.r].1'v\i. _ . Ii. I;L.i
T : ) 53

()

Figure 7. Experimental results of different control methods as the inductance changes. (a) Conven-
tional MPPC. (b) Proposed basic MFPPC. (c) Proposed improved MFPPC.

Table 4. Current THD of three methods with inductance mismatches.

2~

L Method THD of i

Conventional MPPC 6.51%

05L Proposed basic MFPPC 6.82%
Proposed improved MFPPC 3.89%

Conventional MPPC 5.09%

0.75L Proposed basic MFPPC 6.85%
Proposed improved MFPPC 3.95%

Conventional MPPC 5.34%

125L1 Proposed basic MFPPC 6.91%

Proposed improved MFPPC 4.02%
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With an accurate inductance value and balanced network, the power factors of conven-
tional MPPC, the proposed basic MPPC, and the proposed improved MPPC are 0.993, 0.995,
and 0.998, respectively. However, the power factor of conventional MPPC deteriorates with
mismatched inductance. For example, when the inductance value used in the controller is
50% of its actual value, the power factor of conventional MPPC is 0.984, while the power
factors of other two methods are almost affected.

Figure 8 compares the dynamic responses of conventional MPPC, the proposed basic
MFPPC, and the improved MFPPC method when the active power reference steps from 0.6
kW to 1 kW under symmetrical grid conditions. It is seen that, in each method, the ac-
tive power can quickly track the reference power and the reactive power remains at zero
to achieve the unity power factor. The total harmonic distortion (THD) of the grid current
for the three control methods is shown in Table 5. When the parameters are accurate, the
conventional MPPC method and improved MFPPC method have better steady-state perfor-
mance than the proposed basic MFPPC method, and the best steady-state performance is
achieved in the proposed improved MFPPC.

P(O SkW/d].V) T : Pref=1kW P V '_20..01.1111.5 d.l'-':
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Figure 8. Cont.
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Figure 8. Experimental results of transient responses when P’/ increases from 0.6 kW to 1 kW.
(a) Conventional MPPC, (b) proposed basic MFPPC, and (c) proposed improved MFPPC.

Table 5. Current THD of the three methods with different active power.

pref Method THD of i
Conventional MPPC 5.38%
600 W Proposed basic MFPPC 10.27%
Proposed improved MFPPC 5.13%
Conventional MPPC 4.17%
1000 W Proposed basic MFPPC 6.77%
Proposed improved MFPPC 4.07%

Figure 9 shows the experimental results of a sudden load change for the three methods,
in which the DC voltage reference is 300 V and a 100 (2 resistive load is suddenly applied
to the system. It is seen that the DC voltage recovers to the original reference value of 300 V
after a small voltage drop. The active power rises rapidly to balance the load change, and
the reactive power remains constant. The THD of the grid current under conventional
MPPC, the proposed basic MFPPC, and the improved MFPPC method is 5.08%, 7.49%, and
4.46%, respectively. The proposed improved method has the best steady-state performance.

The results above were obtained under symmetrical and sinusoidal grid voltage
conditions. Figure 10 presents the experimental results of the three methods under unsym-
metrical grid conditions, where a one-phase dip of 40% was applied to the three-phase
grid voltages. According to the different power compensation value, the three control
targets were achieved with different values of compensation gain k. When k = 1 or 0,
the currents must be unbalanced to achieve the target of constant active power or con-
stant reactive power. To achieve sinusoidal and balanced grid currents (k = 0.5), both
the active power and reactive power must be oscillating at twice the grid frequency due
to the interaction between the grid currents and the negative sequence grid voltages. It is
seen that, before the power compensation, the grid currents are highly distorted. After the
power compensation, the grid currents become sinusoidal. The steady-state performance
of the proposed improved MFPPC is even better than that of conventional MPPC with
the control targets I and 11, as confirmed by the current THD comparison in Table 6. With
control target III, the lowest current THD is achieved in conventional MPPC. The highest
current THD is obtained in the proposed basic MFPPC. It should be noted that in Figure 10,
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the curve of Upc is not presented due to the limited channels in the oscilloscope. However,
the average value of output voltage Upc is maintained at its reference value irrespective
of a balanced or unbalanced network. The only difference is that the ripple of Upc is
proportional to the ripple of active power, as shown in [7]. As the focus of Figure 10 is
to present the results under an unbalanced network, Upc is replaced by the coefficient
k in (24), which represents various targets under the unbalanced network. The results
validate the effectiveness of the universal power compensation expression in (24).

U (3OVIdiv) |- : I 20, s

(a)
Udc(3 OV/le) E [20. 00ms/div]
P(0.6kW/div) i | |
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Figure 9. Cont.
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Figure 9. Experimental dynamic response to a sudden load change. (a) Conventional MPPC. (b) Pro-
posed basic MFPPC. (c) Proposed improved MFPPC.

Table 6. Current THD comparison of the three methods with unsymmetrical grid voltage conditions.

Method THD of i
k=0 k=05 k=1
Conventional MPPC 4.29% 4.08% 4.31%
Proposed basic o o o
MEPPC 6.76% 6.23% 6.65%
Proposed improved o o o
MEPPC 4.22% 3.66% 4.67%
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Figure 10. Cont.
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Figure 10. Steady-state experimental results of different control methods under unsymmetrical power
grid conditions. (a) Conventional MPPC. (b) Proposed basic MFPPC. (c) Proposed improved MFPPC.

5. Conclusions

This paper proposed an improved MFPPC method based on a fast-updated ultralocal
model. In each control period, the gain of the input voltage and the uncertain term of the system
in the ultralocal model are estimated and updated by using the grid voltages and currents
in the past control periods. As a result, the stagnant update of power variation in the conven-
tional method is eliminated and strong robustness against parameter variations is achieved,
which is confirmed by the experimental results with mismatched parameters in the controller.
In addition, by using the extended control set voltage vector, the power tracking error can be
controlled more accurately than in the proposed basic MFPPC method. As the steady power
ripples are related to the extended finite control set of voltage vectors, it is possible to use more
voltage vectors to achieve better steady-state performance, but the control complexity is also
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increased, which is a trade-off between steady-state performance and control complexity. Under
unsymmetrical grid voltages, the proposed method can achieve different control targets through
the addition of different power compensations to the original power references. These control
targets include sinusoidal and symmetrical grid currents, active power ripple cancellation,
and reactive power cancellation. The effectiveness of the proposed method was confirmed by
the experimental results.
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