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Abstract: In this paper, a predictive direct power control (DPC) method without sector information and voltage vector selection is
proposed for three-phase grid-connected converters. Different from conventional predictive direct power controllers, the proposed
strategy always adopts fixed voltage vectors, instead of selecting voltage vectors according to the angular information of the grid-voltage
vector or the virtual-flux vector. The converter switching time is obtained by minimizing the squared errors of the instantaneous active
and reactive power. Switch duty cycles are then calculated and equivalently reconstructed. The proposed strategy not only presents
rapid dynamic response due to the use of the predictive controller, but also possesses excellent steady state performance as a result of
duty cycle reconstruction. The main advantage of the proposed control scheme; compared with the classical DPC strategies, is that it is
unnecessary to use sector information of the grid-voltage vector, and selection of active voltage vectors is also not required here.
Therefore, incorrect selection of voltage vectors and the resulting performance deterioration are surely avoided, without the need of any
additional compensation measures. An in-depth comparison.and experimental assessment are given to validate the effectiveness of the

proposed strategy.

Index Terms— Cost function minimization, Duty cycle reconstruction, Predictive direct power control (P-DPC), Voltage vector

selection.

l. INTRODUCTION

In a bread variety of application areas, such as electrical
drives and - distributed - power. generations, three-phase
converters are often adopted to connect the electrical system
to the unity grid. Their control strategies have garnered
increasing - attention over the last decades [1], [2].
Nowadays, different kinds. of control strategies have been
presented in-technical literature. Direct power control (DPC)
emerges as-a. new alternative, for voltage-oriented vector
control [3]-[6]. It adopts power controllers instead of
current control loops. During its. implementation process, a
lookup table [7]-[9] or predefined selecting rules [10] are
previously constructed based on instantaneous power
behaviors of the converter. The optimal switching state is
selected according to the errors between the measured and
the reference values of active and reactive powers, as well
as the information of

the grid voltage vector [11] or the estimated virtual flux
vector [12].However, the resulting variable switching
frequency leads to several problems. A relatively high
sampling frequency is usually required in order to obtain
acceptable control performances [13]. Furthermore, in order
to enhance the robustness of DPC and overcome problems
associated with system parameter uncertainties, adaptive
techniques have been included in the design of DPC laws,

and therefore, the performance of the whole system is thus
less sensitive to system parameters values uncertainties and
variations [14], [15].

Another approach for implementing DPC for three-phase
grid-connected converters is to take advantage of model
predictive control strategies [16]-[18], in which the discrete
nature of converters is taken into account in order to predict
the future behaviors of the system [19]-[21]. The converter
behaviors are predicted only for the possible switching
states, and the optimal state with minimum cost is then
selected and applied. This method presents fast dynamic
responses as well as generating sinusoidal currents without
any modulators. However, the current spectrum is
distributed over a range of frequencies, which complicates
the design of the grid filter. Therefore, the authors of [22]
present a predictive DPC technique using dead beat control
principle. Besides, predictive DPC (P-DPC) algorithms
based on predictive selection of voltage-vectors’ sequences
are proposed in [23] and [24]. Within each sampling period,
this method first selects two active voltage vectors
according to the angular information of the grid-voltage
vector [25] or the space vector position of the virtual flux
[26]. The action time sequence is then calculated by
minimizing the cost function, which is constructed based on
the errors between the predicted and the reference values of
active and reactive powers. The calculated optimal time
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sequence is then transferred to the modulation block, and
consequently, the switch signals are obtained. By combining
predictive approach with DPC theory, this algorithm
provides both high transient dynamics and constant
switching frequency.

Il. IMPLEMENTATION OF PDPC

Obviously, when P-DPC is implemented, selection of active
voltage vectors is essential and plays an important role,
which is based on the knowledge of the position of the grid-
voltage vector.

TABLE | Selected Voltage Vectors Within Different

Sectors

Sector Number Selected voltage vectors
I :V", V;. ".;-. V-v: or : Vu. "'.q. ”;.. "!‘r:
[ {Va, Vo, Vi, Vi or { Vo, Vi, Vs, V5
I (Vo Vi, Vi, ¥l or { Vo, Vi, Vi, V5
v { Vo, Va, Vs, 7} or | Ve, Vs, Vi, V3
A { Vo, Ve, We, V3t or { Vo, Vi, Vs, V)
Vi | Vo, Vi, Vi, Vi) or { Wy, Vs, Ve, V1)

Besides, it is found that the selection method widely used in
conventional P-DPC might result in incorrect selection of
voltage vectors. Therefore, the calculated value of the
voltage vector action time may be negative. Conventionally,
the action time.is normally. forced to zero whenever a
negative value is predicted, resulting in control failures and
performance. deterioration. In order.to solve this problem,
references [27], [28] and [29] proposed effective solutions.
In [30], a generalized PDPC strategy for ac/dc converters is
proposed. Based on the analysis of power characteristics, a
novel method of optimal voltage vector selection is
developed. Aleast-square cost function is evaluated ‘with
respect to different sectors. Global optimal voltage vectors
are thus selected by means of cost function minimization. In
[31] and [32], compensation measures are added to
conventional P DPC. 'Whenever negative time values come
out, the active voltage vectors are reselected based on the
modified lookup ‘table. In other words, active voltage
vectors should be selected twice when the calculated value
of the voltage-vector action time is smaller than zero. The
objective of this paper is to propose an improved predictive
DPC method without sector information of the grid voltage
and without voltage vector selection process. Obviously, the
proposed strategy simplifies the DPC method. Furthermore,
the appearance of negative time values is completely
avoided, and there is no need to take any additional
compensation measures. The rest of this paper is organized
as follows. Section Il describes the operation principle of
conventional predictive DPC strategies based on voltage
vector selection. Detailed analysis of conventional
predictive DPC strategies and the improved approach are

presented in Section IV. Finally, concluding remarks are
drawn in Section VI.

111. CONVENTIONAL PREDICTIVE DPC BASED ON
VOLTAGE VECTOR SELECTION

With respect to conventional predictive DPC strategies,
three voltage vectors including two active vectors and one
zero vector are applied within each control period Ts .
Active voltage vectors are often selected based on sector
information of the grid-voltage vector, as shown in Table I.
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Fig. 1. Block diagram of the conventional predictive DPC
strategy.

The errors of predicted active and reactive power at the
end of kth control period can be computed as
EP = Pgref — Pg — 2eP 0 t0 — 2ePmtm — 2eP ntn ()]
EQ = Qgref — Qg — 2eQ0 t0 — 2eQmtm — 2eQntn
)

where ePm and ePn denote active power variation rates
caused by the active voltage vectors Vm and Vn within one
sample period Ts . eQm and eQn are reactive power
variation rates caused by Vm and Vn within Ts . eP 0 and
eQO0 denote active and reactive power variation rates caused
by zero voltage vectors, respectively. tm and tn are t\e
application time of Vm and Vn within Ts /2, respectivLely.
t0 represents the application time of zero vectors within Ts
/2. tm, tn , and t0 satisfy the boundary condition t0 + tm + tn
=Ts/2.

For conventional predictive DPC strategies, least-
square optimization method is often adopted. The cost
function is constructed as
W = Ep2 + Eqe. 3)

Once tm and tn are predicted by minimizing W, switch duty
cycles can thus be obtained and switch signals are
generated, as demonstrated in Table 11, where da, db , and
dc denote three phase duty cycles, respectively. Fig. 1 shows

Predictive Model Pl Hgicret
N__——ﬁ—"i’&g v
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the block diagram of the conventional predictive DPC
strategy. The corresponding flowchart of the control strategy
is given in Fig.2. Figs. 1 and 2 indicate that the sector
information and active voltage vector selection are both
essential for conventional predictive DPClers. Selection of
two active voltage vectors is based on the sector
information. Besides, when duty cycles are to be computed,
sector information is also required, as demonstrated in Fig.
2.

IV. ANALYSIS OF CONVENTIONAL PREDICTIVE
DPC
STRATEGY AND THE IMPROVED APPROACH

Taking Sector V for example, when the grid-voltage vector
is located in Sector V, V s and Vs are normally selected as
active vectors.

( St )

\J

Apply duty cycle d,, dy, d,

hJ

Sampling ,. i, 1y

A

Sector Selection

————— ,».' —e
Voltage vector selection
= l”,", "'.

v
Power predictive model (17), (18)
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Fig. 2. Flowchart of the conventional predictive DPC
strategy.

Their application time ts and ts will be calculated by
minimizing W, the sum of squared power errors.

Obviously, the length of active vectors can be denoted
as Vv s ts and V s t s,respectively. For clear
illustrations, decomposition and reconstruction of voltage
vectors in the vector space are depicted in Fig. 3.

Vector V te can be synthesized using a

combination of the two adjacent vectors
Ve *te=V1 °

t6+Vs * t6.
4)

Fig.3. Decomposition and reconstruction of Vs * ts+ V6
* te in'the vector space.
Therefore, the following equations can be obtained
Vs * ts+Ve “ t6=Vs * ts+V1* t6+Vs ° 16
=Vs * (s+t) +V1 * 16 (5)
According to the equivalence principle, the following
rules are obeyed:

Vs * (ts+ts) =—[V2 * (s+t6)]=Vz * (~ts—ts).
(6)
Substituting (21) into (20), yields

Vs * t5s + Vs te = V1 te + V2 (—ts — ts ).
@)

It is clearly visible in (23) that the effects of V5 * ts
along with V6 * tsequals to the synthesis of V1 * ts and
V 2 * (-ts —ts ). When the conventional predictive DPC
strategy is adopted, V s and V & are normally selected as
active vectors when the grid-voltage vector is located in
Sector V. The optimal set of application time ts and ts can
thus be obtained . However, it is implied by (23) that, if V 1
and V 2 are selected when the grid-voltage vector is located
in Sector V, their optimal application time can also be
calculated out similarly.This will surely result in
minimization of W. This indicates that, when the grid-
voltage vector is located in Section V, V 1and V 2 can also
be selected, instead of V 5 and V s, which will not affect the
minimization of power errors. Similarly, when the grid-

33



&% IFERP

o sag engieira  divclaping ressarcy

International Journal of Engineering Research in Electronics and Communication
Engineering (IJERECE) Vol 2, Issue 11, November 2015

voltage vector is located in other sections, V 1 and V 2 can
always be selected, and their application time can be
calculated and implemented.

This is a remarkable conclusion, which builds a solid base
for the proposed predictive control strategy without sector
information and voltage vector selection. For the purpose of
convenience, t1” and t2” are denoted as application time for
V 1 and V2, respectively. Different combinations of voltage
vectors can thus be expressed by V 1,V 2, ti’,and t2’ as
follows:

Viti+Vz ® t2 =V2 © (t1+t2)+Vs * (—t'1)

=Vs3 * t2+ Vs * (—t'1-t2)

=Vs * (1) + Vs * (—t2)

=Vs * (—t'1—t2)+Vs * t’1

=Ve * (-t2)+ Vi1 ('1+172). (8)
It is implied that within all six sectors, different
combinations of voltage vectors can always be equivalently
replaced by V 1 and V 2, with completely different
application time.
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Fig.4. Switch signals in'case of —t1°-t2>>0and t1’ > 0.

TABLE Il
ACTUAL ACTIVE VECTORS AND THE
CORRESPONDING RELATIONSHIP

Time relationship | Actual active vectors Duty cycle relationship
ty'=0, 15'>0 Vi, Vs d>dv>d,
1060 & 1,20 V. V5 d>d>d,
L& 160 Vs, Vi d=d>d,
-0 & -0,">0 Vi Vs d=dy>d,
-0 1520 & 1,0 Vi, W, d>d>dh,
L0 & 14650 | Ve, ¥, d>d>d,

This, as a result, indicates that, no matter where the grid-
voltage vector is located, V 1 and V 2 can always be

selected. Their optimal application time, t1” and t2’, can thus
be calculated out based on cost function minimization.
According to the first line of Table.3.4.1.a, switch duty
cycles can be directly obtained based on ti’and t2’

— 9)
(10)

(1)

However, it should be noted that, even though V 1and V
2are always selected and duty cycles are calculated based on
the first line of Table.l, V 1 and V 2 are not the actual active
voltage vectors in most cases. Taking Sector V for example,
when the grid-voltage vector is located.in most part of this
sector, V s and V s should be the actual active vectors. Their
application time should be larger. than zero. According to
(24), if V 1 and V 2.are 'selected under. this situation, the
calculated application time ti’and t2’satisfy t1 > 0 and
—t1’—t2"> 0. For clear illustration, switch signals in this case
are depicted in Fig. 4

It is demonstrated in Fig. 4 that, even though V 1 and V
2 are always selected and duty cycles are calculated based on
the first line of Table II, the actual voltage vector
implemented remains 'V 5 (001)“and V s (101), as long as
tr,and t2” satisfy t2> > 0 ‘and —tu’—t2’> 0. Similarly, based on
(3.5), the actual active vectors and the. corresponding
numerical relationship among the calculated application
time can be obtained, as shown in - Table.ll
Obviously, switch duty cycles should be larger than
zero, and be smaller than one. However, switch duty cycles
calculated based on (25), (26), and (27), might exceed this
scope. This phenomenon should be taken into account in
real control systems. As shown in Fig.4, the application time
=2(t’+ t2’) for V 5 is directly proportional to
dc—da.Similarly, the application time 2t1’ for V 6 is
proportional to da—db . Detailed relationship between duty
cycles and duration time of actual active vectors are shown
in Table.lll.

As clearly visible in Table 111, as long as da—d» and
do—dc remain unchanged, the application time of actual
active vectors will be the same. This indicates that, if the
calculated duty cycle exceeds the conventional scope, i.e., d
<0ord>1, they can be equivalently reconstructed, as long
as da—do and do—dc remain unchanged. Besides, for the
purpose of suppressing power fluctuations, application time
of zero vectors is symmetrically distributed within one
sampling period. The effectiveness of symmetrical
distribution will be further confirmed by experimental
results in the following sections.

Based on the analysis previously mentioned,
reconstruction of duty cycles can thus be outlined as
follows. da, dv , and dc are first arranged in order from
largest to smallest in value, dmax, d,and dmin.

For example,
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dmax = db, dmin = da, d=dc.
(12)

The differences dmax — d and d—dmin can thus be obtained,

which are proportional to the application time of active
voltage vectors. Consequently, do =1 — (dmax — d) — (d—dmin)
= 1—(dmax — dmin) is proportional to the application time for
zero vectors. For the purpose of symmetrically distributed
and taking into consideration, the new duty cycles da’, db’,
and dc’ can be further represented as

’a=d’c— (de—da) =1 —do—db+da (13)
dv=1-do
(14)
dc=db—(db—dc)=1—do—db+dec.
(15)

For better understanding, reconstruction of duty cycles
when the value db calculated out exceeds the scope (db > 1) .
Besides, power variations when voltage vectors are
symmetrically and unsymmetrically distributed
respectively. It is clearly visible in these two figures that,
when the voltage vectors are symmetrically distributed,
power variations are much smaller than those obtained with
unsymmetrical distribution of voltage vectors. This ‘aspect
will be further validated by experimental results in the
following sections.

Furthermore, the.control region of voltage vectors
is an important aspect for.power converter controllers. If the
control vector is outside . the control region of power
converters, i.e;,}dmax — dmin>1, the new duty cycles da’, _
db’, and dc’ should be calculated by

— (16)
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Fig.5. Block diagram of the proposed predictive DPC
strategy.

( Start )

Y
Apply duty eycle d.. d.. d.

. . 4
Sampling i, ..

Power predictive model (17), (18)
= €ppy €0 Ep, €01y €y o2

h &
Cost function minimization
Sl b

Duty cycle calculation
= (1_,'. dr... ([,;'

P
( End

Fig. 6. Flowchart of the proposed predictive DPC strategy.

For better .understanding, reconstruction of duty cycles
when the control vector lies outside the control region
(dmax — dmin> 1) . Overall, the execution process and the
block diagram of the proposed predictive control strategy
can be outlined and its flowchart is shown in Fig.6.

Sector information is not required here, and selection
of active voltage vectors is also eliminated. Therefore
,incorrect selection of voltage vectors and the resulting
performance deterioration will surely be avoided, without
the need of any additional compensation measures.

V. FUZZY LOGIC CONTROLLER
Fuzzy logic idea is similar to the human being’s feeling
and inference process. Unlike classical control strategy,
which is a point-to-point control, fuzzy logic control is a
range-to-point or range-to-range control. The output of a
fuzzy controller is derived from fuzzification of both inputs
and outputs using the associated membership functions. A
crisp input will be converted to the different members of the
associated membership functions based on its value. From
this point of view, the output of a fuzzy logic controller is
based on its memberships of the different membership
functions, which can be considered as a range of inputs.
Fuzzy ideas and fuzzy logic are so often utilized
in our routine life that nobody even pays attention to them.
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For instance, to answer some questions in certain surveys,
most time one could answer with 'Not Very Satisfied' or
'‘Quite Satisfied', which are also fuzzy or ambiguous
answers.

Fig. 7. Fuzzy Logic Controller.

Exactly to what degree is one satisfied or dissatisfied with
some service or product for those surveys? These vague
answers can only be created and implemented by human
beings, but not machines. Is it possible for a computer to
answer those survey questions directly as a human beings
did? It is absolutely impossible. Computers can only
understand either '0' or'l’, and 'HIGH"or 'LOW'. Those data
are called crisp or classic data and can be processed by all
machines. Is it possible to allow computers to handle those
ambiguous data with the help of a human being? If so, how
can computers.and machines handle those vague data? The
answer to the first question is yes. But to answer the second
question, we need some fuzzy ‘logic techniques and
knowledge of fuzzy-inference system.

The .basic. configuration of the: FLC can be simply
represented in four parts;-as shown in figure.

1.Fuzzification module — the functions of which are first, to
read, measure, and . scale “the control variable (speed,
acceleration) . and, second, to transform the measured
numerical values to the corresponding linguistic (fuzzy
variables with appropriate membership values);
2.Knowledge base - this includes the definitions of the
fuzzy membership -functions defined for each control
variables and the necessary rules that specify the control
goals using linguistic variables;

3.Inference mechanism — it should be capable of simulating
human decision making and influencing the control actions
based on fuzzy logic;

4.Defuzzufication module — which converts the inferred
decision from the linguistic variables back the numerical
values.

Fuzzy logic techniques have been widely applied in all
aspects in today’s society. To implement fuzzy logic
technique to a real application requires the following three
steps:

1. Fuzzification — convert classical data or crisp data into
fuzzy data or Membership Functions (MFs)

2. Fuzzy Inference Process — combine membership
functions with the control rules to derive the fuzzy output

3. Defuzzification — use different methods to calculate each
associated output and put them into a table: the lookup table.
Pick up the output from the lookup table based on the
current input during an application As mentioned before, all
machines can process crisp or classical data such as either '0'
or'l.

In order to enable machines to handle vague language input
such as' Somehow Satisfied', the crisp input and output must
be converted to linguistic variables with fuzzy components.
For instance, to control an air conditioner system, the input
temperature and the output control variables must be
converted to the associated linguistic variables such as
'HIGH', 'MEDIUM', 'LOW' and 'FAST''MEDIUM" or
'SLOW'. The former _is corresponding to the input
temperature and the latter is associated. with the rotation
speed of the operating motor. Besides those conversions,
both the input and the output must also be converted from
crisp_data to. fuzzy data. All of these jobs are performed by
the first step — fuzzification. In the second step; to begin the
fuzzy inference process, one need combine the Membership
Functions with the control rulesto derive the control output,
and arrange those outputs into a-table called the lookup
table.

V1. PULSE WIDTH MODULATION

The most efficient method of controlling output voltage
is to incorporate PWM control within inverters. In this
method, a fixed dc voltage is supplied to inverter and a
controlled ac output voltage is obtained by adjusting on-off
period of inverter devices. Pulse Width Modulation variable
speed drives are increasingly applied in many new industrial
applications that require superior performance. Recently,
developments in power electronics and semiconductor
technology have lead improvements in power electronic
systems. Hence, different circuit configurations namely
PWM inverters have become popular and considerable
interest by researcher are given on them.

A number of Pulse width modulation (PWM) schemes
are used to obtain variable voltage and frequency supply.
The most widely used PWM scheme for voltage source
inverters is sinusoidal PWM. Because of advances in solid
state power devices and microprocessors, switching power
converters are used in industrial application to convert and
deliver their required energy to the motor or load. PWM
signals are pulse trains with fixed frequency and magnitude
and variable pulse width. There is one pulse of fixed
magnitude in every PWM period. However, the width of the
pulses changes from pulse to pulse according to a
modulating signal.
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Fig.8.Pulse Width Modulation

When a PWM signal is applied to the gate of a power
transistor, it causes the turn on and turns off intervals of the
transistor to change from one PWM period to another PWM
period according to the same modulating signal.The
frequency of a PWM signal must be much higher than that
of the modulating signal, the fundamental frequency, such
that the energy delivered to the motor and its load depends
mostly on the modulating signal. The AC/DC converters
consist of power electronics devices like Insulated Gate
Bipolar Transistors (IGBT) or Gate Turn-Off thyristors
(GTO) that are characterized by switch mode operation. The
capability of forming sinusoidal currents-is provided by the
introduction of the sophisticated technique called Pulse-
Width Modulation ((PWM). This technique provides the
sequences of width-modulated pulses ‘to control power
switches. .Many. PWM techniques have' been developed
according to, special_requirements and optimization criteria.
The choice of the particular PWM technique arises from the
de-sired performance of the synchronous rectifiers.

A PWM signal consists of two main components that
define its behavior: a duty cycle and a frequency. The duty
cycle describes the amount of time the signal is in a-high
(on) state as a percentage of the total time of it takes to
complete one cycle. The frequency determines how fast the
PWM completes a cycle (i.e. 1000 Hz would be 1000 cycles
per second), and therefore how fast. it switches between high
and low states. By cycling a digital signal off and on at a
fast enough rate, and with a certain duty cycle, the output
will appear to behave like a constant voltage analog signal
when providing power to devices.

Duty cycle is a proportion of time during which a device is
operated. Reference value of active and reactive power is
given as input. Using the formula, duty cycle is calculated.
Duty cycle= Ton/ Time Period.

Time period=Ton+Toff.Ton- on time,
Toff- off time

LTI

009

S TTT T T T =

Fig.9. Square Wave Duty Cycle

VII'SIMULATION DIAGRAM AND WAVEFORMS
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Fig.10. Simulation Diagram of P-DPC.
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Fig.11.Input waveform(Va/la)

X axis: Time in seconds.

Y axis: Voltage in volts and Current in amps.
\oltage Value: 311V AC,

Current value:35 A.
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X axis: Time in seconds.
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VIIl. CONCLUSION

Normally, when predictive DPC strategies are
implemented, two active voltage vectors are first selected
according to the angular information of the grid-voltage
vector. Different from conventional predictive power
control strategies, an improved predictive DPC method is
proposed in this paper. Fixed voltage vectors are always
adopted, instead of selecting voltage vectors according to
the angular information of the grid-voltage vector or the
virtual-flux vector. The converter switching time is obtained
by minimizing the squared errors of the instantaneous active
and reactive power. Switch duty cycles are then calculated
and equivalently reconstructed for symmetrical distribution
of voltage vectors. Experimental results show that the
proposed strategy not only presents rapid dynamic response
due to the use of the predictive controller, but also possesses
excellent steady-state performance as a result of duty cycle
reconstruction. Besides, sector information is not required
here, and selection of active voltage vectors is also
eliminated. Therefore, incorrect selection of voltage vectors
and the resulting performance deterioration are surely
avoided, without the need of any additional compensation
measures.
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