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Abstract — Multifunctional DGs and active power filters have become a mature technology in recent years, so in this paper, an optimized

current control method for a multilevel converter is proposed to overcome harmonic current tracking inefficiency of previous control methods
in online harmonic compensation applications in microgrids. This control method is applicable for grid-connected inverter-based multi-
functional Distributed Generation (DG) converters. It could also be used in active power filter applications which need high-speed reference
tracking ability. Having the advantages of current control methods like hysteresis band control, proportional-integral Pl and Proportional +
Resonant (PR) control methods, it overcomes disadvantages of these methods especially in harmonic reference tracking as it will be discussed
in detail. The main advantages of this method are the simplicity of implementation, calculation delay compensation and its fast response to
changes. The power electronic circuit, operating principles, two-horizon predicted switching states of MLI, experimental results and
applications of this control method will be discussed in the paper. For studying the feasibility of the control method, a prototype of this

converter is tested in a microgrid platform.

Index Terms — AC microgrid, Power Quality; Multilevel Inverter; Optimal Direct Control (ODC); Harmonic Compensation; Computational delay

compensation, two-horizon MPC

1. INTRODUCTION

Multilevel inverters are among the most popular inverters especially for medium and high voltage applications. Multilevel inverters
has been introduced by Nabae et al. and has gained increasing attention between researchers for its unique characteristics such as higher
output power quality, higher efficiency, low harmonic components, lower switching losses and lower di/dt or dv/dt, which is making
multilevel inverters viable alternatives for most of the applications [1-4]. Many topologies and control methods are suggested for these

inverters in different applications; some of these methods are concentrated on harmonic elimination such as selective harmonic



elimination method (SHEM), due to applicability limitations, it is not a convenient method for real-time harmonic compensating
applications [5-7]. In some harmonic compensation applications such as active power filter and microgrid control, online control methods
such as hysteresis band control and P+Resonant control methods are popular [8-12]. Several control methods have been used to control
the power quality improvement devices such as STATCOM, DSTATCOM or UPQC (unified power quality conditioner) [13-15]. Each
of the mentioned control methods has its advantages and disadvantages; hysteresis band control method needs a high band-width inverter
output while having a very fast dynamic response to load and reference changes. Beyond its simplicity of implementation, the P+Resonant
controller has disadvantage of using many parallel resonant controllers for tracking the references of multiple harmonic orders, and it will
increase the computational burdens. Meanwhile, it does not have a very good dynamic response because of its integrator blocks. Some
hierarchical control methods are improved to control the multi-functional DGs, but they also have the disadvantage of slow dynamic
response to changes [16]. Thanks to improvements in computational capabilities in recent years, application of optimal direct control
methods such as model predictive control has become popular because of simplicity of control, lower average switching frequency,
excellent dynamic response, and independency of controller design to load changes and not using the modulation block. During recent
years, the researchers have strongly promoted the control method although it has attracted some criticisms from others. In some references,
it is shown that the finite control set model predictive based controller (FCS-MPC) and other linear methods (PR and PI controllers) could
be viewed as a special case of MPC [17]. In first years of development, MPC was used for solving optimization-based problems or as an
energy management solution [18]. Later on, it was spread to be used in power electronic applications such as single phase and three phase
inverters control, multilevel and matrix converters control and every model-based optimization problem which involves optimal decision
making [19-23] . Another important advantage of MPC is to deal with complex non-linear situations and output an optimized multi-
objective solution for the problem [24, 25]. A disadvantage of direct control methods such as MPC is the computational delay that is
negligible when using high-performance controllers or considering the controller ideal. How to solve this problem for normal processors
will be discussed in Section 2.3. In this paper, the aim is to control a multifunctional DG that plays the role of an improved active power
filter, which will be responsible for harmonic compensation and load feeding. The interfacing converter for this purpose will be a
multilevel converter for which the application in power quality improvement in microgrids will be discussed. Furthermore, an improved
optimal direct control method will be implemented to a cascaded H-Bridge to compensate the harmonics in a microgrid while feeding the
linear and non-linear loads. In the next section, the test system will be presented, this will be followed by a brief explanation of multilevel
inverter working principles, and then optimal direct control method and how to apply it to a cascaded H-bridge to control the output

current will be presented. Finally, experimental results will verify the applicability of the control method.



2. POWER SYSTEM MODELING AND MATHEMATICAL EQUATIONS

The system under study is a single-phase grid-connected AC microgrid including a DG which is connected to the grid through a
cascaded H-Bridge multilevel inverter, linear and nonlinear loads. As it could be seen in Fig. 1, the nonlinear load is connected to PCC
and will draw harmonic current from grid, making grid current non-sinusoidal. So, the aim of this paper is to generate the harmonic
current drawn by non-linear load by DG units, so that the grid current will be harmonic free. The reference current for multilevel inverter

will include the harmonic load current as well as fundamental load current and also the current that will be injected into the grid;

Iref zlref_f +Iref_h (1)

= ILL+Igrid +INLL

In which |  and I guig 2T€ linear load current and the injected current to grid, 1, is the non-linear load which contains fundamental and

harmonic current.

Fig. 1. Multilevel inverter used as a DG interface

As it could be seen in Fig. 2, the main objective is to have a harmonic free grid current (current injected into the grid). Therefore, DG
unit will be a multifunctional DG which will act as an active power filter while it is also injecting active and reactive power to the local
loads. The multifunctional DG is connected to the main grid through a multilevel inverter and will inject harmonic current to microgrid
to feed both linear and non-linear load to prevent the grid current from becoming polluted with harmonics. The current reference to be

tracked is calculated as it is shown in (1) and it includes the fundamental term as well as harmonic current terms.
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Fig. 2. Test system



2.1. Power Electronic Converter

The power electronic interface used to connect the DG to the microgrid is a multilevel inverter as shown in Fig. 1. This inverter is a
series connection of two basic units with two unequal DC sources that can produce nine levels of output voltage steps using eight uni-
directional power electronic switches and eight anti-parallel diodes, the switching states of this inverter is shown in Table I. It is worth

noting that the switches in each inverter legs are working in a complementary way, such that when T, is on, T, is off accordingly and

vice versa and it is the same for other legs also [3]. It is worth mentioning that to increase the number of levels that could be generated
by this multilevel inverter to decrease total harmonic distortion (THD), the values of DC source magnitudes are unequal and calculated
as (2), although there are several methods to calculate values of DC sources for multilevel converters, the one generating the maximum

number of output voltage levels with the same number of DC sources and power electronic elements have been used in this paper [26].

V, =V, )

Table I presents the switching pattern for the cascaded H-bridge inverter and also the output voltage value for each step is introduced
in this table. As it was mentioned before and could be seen in Table I, the switches in each leg of the converter are working in a
complementary way.

Table I. Switching States of Multilevel inverter

Switching States
State
Tos Tar | Tie | Tna . votase
(i) | steps
1 1 1 1 1 +4
1 1 1 0 2 +3
1 1 0 0 3 +2
1 0 1 1 4 +1
1 0 1 0 5 0
1 0 0 0 6 -1
0 0 1 1 7 -2
0 0 1 0 8 -3
0 0 0 0 9 -4




2.2. Power Converter Control Concept

The optimal direct current control method applied to a multilevel inverter is presented in this paper. This method could control the
output fundamental current as well as harmonic current. The basic idea to control the converter by optimal direct control is the fact that
the output state of current could be assumed equal in a very small time interval [16];

if Ts—>0 (3)
I(k+1) = 1(K)

The optimal direct power control method proposed in this paper, which in fact is a division of the finite control set model predictive
control (FCS-MPC), has the advantage of dealing with finite number of switching states of a power converter for solving the
optimization problem. FCS-MPC is applying optimal switching signals directly to power electronic converters without the need for a
modulation stage. The concept of FCS-MPC is to model the non-linear converters and based on the discrete linearized model of the
converter, decides which switching pattern should be applied to get the optimal output result. In the case of power electronic converters,
a relevant cost function is formed, based on discrete model of the converter the future behavior of converter is forecasted. After
forecasting the converter behavior and applying it to the cost function, the control actions that best fit to minimize the cost function in

each time interval T, will be the desired control set. This cycle will repeatedly be done in each sampling interval so that the optimum

function of the converter is guaranteed.

A typical and simple cost function is normally a positive sum of the tracking errors for each controlled variable so that a one-horizon

cost function could be defined as (4) [27, 28]. This method is called short prediction horizon. However, it is possible to increase the
prediction horizons to have long horizon prediction (N > 2) in FCS-MPC method, because the computational burden is not so high [29,

30]. It is verified in [31] that long prediction horizon has better steady-state performance while increasing the calculations significantly.

= P )
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In which XEM) is the predicted output of the converter and x:M is the reference value to be tracked and|------: is the quadratic

Euclidean norm, i.e.

=X} = 06 =)+ 4 (%, = X)? ©)

For a pair of vectors x",x, in some applications cost function could be a multi-objective equation such as a sum of several numbers of



For a multilevel inverter, a discrete equation modeling the operation could be expressed as equation set (6), in this equation v, and I,

are the inverter output voltage and current. R, i. the output filter resistance while L, is the output filter inductance as shown in Fig. 1

and T, is the time instant in which optimization is being done.

Vi K1+ Vi oI VoK =V KD+ (R, <1 KD = L, (10 ©)
From equation (6), 1, ., could be calculated as:
R, xTg s
D] = 5 1 K 5 5 O (K VK-V KD 0

A function Based on the possible output voltage values, 1, [k+1] will be predicted for the instant k+1, and the optimal switching state

will be selected as shown in Fig. 3. During the optimization process, all of the nine possible states for switches are calculated and by

replacing the predicted current 1 [k+1]in equation (4) the optimal state which minimizes the error of cost function will be selected as

the switching state and the output current will track the reference current. The accuracy of tracking is highly dependent on switching

frequency (optimization period) but as a common solution, maximum switching frequency of f; =10KHz will give enough precession

for most of the applications [16].
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Fig. 3. Predictive control scheme

Since the presented multilevel inverter has nine possible switching states, the predictive model will generate an array including nine

possible values for 1 _[k+1]in each step, based on the cost function, optimization block will decide which switching state to apply to
minimize the tracking error.(8) and (9) present the value of V,,, [K]+V,,.[K]as a function of switching states, in which j, =1:9

represent the sum of output voltage for cascaded H-bridge converters, as shown in

Table I1.
Vinv1,2 [k] :Vinvl [k] +Vinv2 [k] (8)
=S(j ) xVy
S(jk) = (Jk _5)
{Jk =1:9 ®)



Table Il. Different switching states in two-horizon prediction for cascaded H-bridge multilevel inverter

Horizon 1 * Horizon 2** Values
SRS 22 [E R [8U0[83w st
1(1(1(1(1(1(1]|1]4 4 8
1/11|1|1|0(0|0]|0]|4 -4 0
1111|011 ]|1]1]|3 4 7
1/11(1/0|0|0|0]|O0]|3 -4 -1
1110|0111 ]1]|2 4 6
1/11/0|0|0|0|]0]|O0]2 -4 -2
11011111 ]1]1 4 5
110(1|1|0|0|]0]|O0]|1 -4 -3
110|101 (1|1]1]|0 4 4
1/0|1|l0|0|0|0]O0]|O -4 -4
110(0|O0]1(21|1]1|1 4 3
1/0|{0l0|O0|O|O0]|O]|-1 | -4 -5
ofoj1f{1|1]1|1|1]|-2 4 2
o(o|1]1|0|0|0|0|-2|-4 -6
ofoj1(0|1]21|1|1]|-3 4 1
o(o|1/0|0|0|0|O0|-3 | -4 -7
ofojo|joOo|1]1|1]|1|-4 4 0
o(ojojO0O|O0O|O|O|O|-4 | -4 -8

* Horizon 1 represents the interval between t, , and t,
** Horizon 2 represents the interval between t, and t,,

In fact for calculation of cost function for all possible switching states, it will take some time based on the capability of the processor,
this time delay will cause a steady state error in tracking the reference for the controller, in the next section how to compensate this

delay will be discussed in details. Replacing k with k+1 in (7) I [k +2] will be defined as,



R; xTg

I [k+2]=(1-

)< [k+1] +-[_SX i [K +1+V,,, [k +1] =V, [k +1]) (10)

f f

2.3. Optimal Direct Control Delay Compensation

Depending on the processor calculation speed and the maximum switching frequency, the time between the measurement of the output
current and application of the new switching states to the inverter will be considerable, if the calculation time is comparable to sampling
time, there will be a delay in switching of the inverter which will cause consistent tracking error in the output current, because in the
instant k+1 the previous switching state is applied to the inverter which will lead to increase or decrease of output current more than the
reference current increase or decrease [24, 32]. It is known that by using long-horizon prediction FCS-MPC this delay will be omitted,
but as the number of prediction horizons is increasing, the controller complexity is increasing exponentially, so a trade-off should be
done between the number of horizons to be predicted and controller complexity. To deal with this problem an improvement to a two-
horizon prediction method is presented in this paper which was first proposed in [33] , so that the processor has enough time to do the
calculation and prediction for the instant k+2, between instants k and k+1 and finally apply the new switching states at instant k+2 as it

is shown in Fig. 4..
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Fig. 4. Operation of the Model predictive controller with three Scenarios (a) without Delay (ideal case) (b) with delay and without delay compensation (c) with delay
and two horizon prediction to compensate delay.
In this method, the measurements are performed in instant k, then the predictions are being done to calculate I] [k +1]. Then, the
calculated 1, [k +1] will be used to predict I [k + 2], after calculation of 17 [k + 2] both current reference for instant k+2 and the predicted

value of current 1 [k +2]will be fed to the optimization block to decide which switching state will minimize the cost function. This

explanation will be clearly understood by considering the equation below and checking out the flowchart view of the applied two-

horizon control method as shown in Fig. 5.
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Fig. 5. Flowchart view of the applied optimal direct control for multilevel inverter

By replacing (7) into (10), 1, [k +2] could be written as;

Ll 21 = Vi o[+ Vil 25V [k -2 R, i [K) I—[IJ <R x Vi o[-V [~ R, i, [4]+1,[4 -

f f
To simplify the equation, a function S(j,,,) that relates the output voltage value of the two cascaded H-bridges at previous switching

state to the predicted output voltage value is defined to replace the term V, . , [K]+V,,, , [K+1] as

Vinsz K1+ Vi 2 [K+1] = S(y ) x V. (12)

In which



S(jk+2) zs(jk)+s(jk+1) = (Jk +jk+1) -10

J=1:9 (13)
jia=1:9
Considering equations (11) and (12), the final equation describing |, [k + 2] will be as;
T (1Y
i [K+2] = (S(jy.p) XVye —2xV, [K]-2xR; x iL[k])xL—S—(L—SJ xR; x[S(jk)dec =V, [K]-R; x iL[k]}+ i, [K] (14)
f f

It should be mentioned that an improvement to the previously presented delay compensation method has been done by (14) that creates

a direct relation between I [k +2]and I, [k], which, unlike the traditional model predictive control will not increase the complexity of

implementation and computational burden much when applying two-horizon prediction. By applying this method, the calculation delay

will be almost compensated.

Table 1l presents different switching states in two-horizon prediction for a cascaded H-bridge multilevel converter, as it can be seen

there are 81 possible switching states for converter with 64 duplicate states, which will finally lead to 17 distinct switching states.
As it could be seen in Fig. 5 the modified control method is as follows,

1. Measurement of the load currents (i, (k))

N

. Calculation of V, (k) based on the previous interval data

3. Calculation of the currents at the instant t,,, based on the applied switching state of previous interval

4. Prediction of load currents at the instant t,, for all switching states based on calculated i, (k +1)to speed up the control process
steps 3 and 4 could be merged so that the calculations and predictions are done at once Equation (14)

5. Evaluation of the cost function for all predicted currents at instant t, ,

6. Selection of the switching state that minimizes the cost function and applying it to converter

3. EXPERIMENTAL RESULTS

To verify the feasibility of the proposed control scheme for the multilevel inverter shown in Fig. 1, different test scenarios are performed
using the prototype shown in Fig. 6. As it can be seen in Fig. 6 the test system includes a two-input multilevel cascaded H-bridge converter
supplied by isolated DC sources, linear load, AC programmable load as non-linear load, digital control platform, digital to analog (DAC)

boards and finally a regenerative high power grid simulator that emulates the behavior of the real electrical grid. Provided test results



are using a digital oscilloscope and power quality analyzer. Detailed specifications of the experimental prototype are as shown in Table
1. Experimental tests are performed in three different scenarios, in the first scenario the operation of MLI converter without non-linear
load is studied, the second scenario focuses on verifying the efficiency of control method in operation of the MLI converter as an
advanced active power filter to share the power and compensate the harmonics, finally in the third scenario the control method is
analyzed based on dynamic response of the inverter to the changes occurred in reference current or grid voltage. It should be noted that
the mentioned switching frequency in Table 111 is the maximum switching frequency that is used in the switching process, and the average

switching frequency for this converter is calculated, and it is around 3.5 kHz.

1. dSPACE controller
~! 821" DG converter

4. Security button
5. AC programmable load
. Digital oscilloscope

bl
7. DAC channel
8. Power quality analyzer
=1 9. Control desk
E 10. linear load
| 11. Grid simulator
12. DC source

Fig. 6. A prototype of the proposed test system

Table I11. SPECIFICATIONS OF THE EXPERIMENTAL SETUP

Parameter Value Unit
Power Grid Voltage 110 V (RMS)
Grid Frequency 50 Hz
Maximum output power 0.8 kw
DC Link Voltage 195 \Y
Maximum switching frequency 10 kHz
Sampling frequency 20 kHz
Inverter Side inductance 8.6 mH
Inverter Side Resistance 0.4 Q

Grid Side Resistance 0.2 Q




Non-linear Load Spec *CF=2.0 ** PE=1

Non-linear Load Mag (RMS) 154 A

*: Crest Factor **: Power Factor

3.1. The grid-tie operation of MLI converter

In this scenario, grid-tie operation of the multilevel converter with optimal direct control method to track the sinusoidal current reference
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Fig. 7 grid injected current is almost sinusoidal with the THD of 2.1 %, DG current is feeding the linear load, and it is also injecting the
current to the grid which is in phase with grid voltage. Grid Voltage and DG current waveform are shown in Fig. 8(a), which is followed
by the harmonic spectrum measured by power quality analyzer in Fig. 8(b). Total harmonic distortion of the grid current is 2.1 % which
is below the limits defined by IEEE power quality standard [34]. It is obvious that by increasing the switching frequency THD value
will even decrease to a lower amount which will lead to higher switching losses, so there should be a trade-off to have an in-range total

harmonic distortion using a reasonable switching frequency.

Tek pretu Muise: Filter Off
. v . DG .
A N R et CUr'rér')t .........
L e R P [ R C7 4 o ‘_
I/ L I5AY current
_____ ey e
[T VATV
200y i i i i i i
& 2oy 20 J[d.l][lms |l 400y 155291kHefo01020 |

Fig. 7. Grid-tie operation of multilevel converter with ODC method
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3.2. Active power filter mode of Opertion
In the second test scenario, the multilevel inverter is playing the role of an improved active power filter to compensate the current

harmonics which are made by non-linear loads. At the same time, this converter could inject active or reactive power to the grid. The
multilevel inverter is controlled by an optimal direct control method to minimize the harmonic current injected to the main grid from
microgrid. As it is shown in Fig. 9, the nonlinear load current is a harmonic current that should be fed either by main grid or microgrid,
in the first case it will inject current harmonics into the main grid that may be out of the grid-connected microgrids harmonic limits and
will cause problems for the grid. To overcome this problem the non-linear load, as well as the linear load, is fed by the DG inverter, the
inverter used as the interface is a multilevel inverter which can output a wide variety of waveforms and the optimal direct control is
applied to this converter to track the defined current reference. Fig. 9. Fig. 9 (a) shows the PCC current and voltage waveform before being
compensated while Fig. 9 (b) illustrates the harmonic spectrum for PCC current before compensation. As it could be seen in Fig. 10 the
multilevel inverter will inject harmonic current in addition to fundamental current to compensate the current harmonics, so that the grid
current is almost harmonic free with the THD of 2.6 %. It is worth noting that the non-linear load current magnitude is significant in
comparison to the DG current and THD will be much smaller by increasing the switching frequency of the multilevel inverter. Grid

voltage and DG current waveform is shown in Fig. 11(a), Harmonic spectrum for compensated grid current is also shown in Fig. 11 (b).
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Fig. 9. Voltage and current waveform of PCC before compensation. (b). Harmonic spectrum of PCC before compensation
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Fig. 10. Active power filter operation of the multilevel converter with optimal direct control method
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Fig. 11. (a) Grid voltage and grid current of PCC after compensation. (b). Harmonic spectrum of grid current after compensation

3.3. Dynamic response of converter to changes
In this scenario, the dynamic response of converter to a sudden change of current reference is being studied. As it could be seen in Fig.

12 the current reference of the converter has been changed from 70 percent of full load to 110 percent of load suddenly. As it could be
seen in this figure the tracking error is being cleared in less than 1ms that is much smaller than a full cycle. It is evidence of an improved

dynamic response behavior of the proposed control method. This characteristic of the proposed control method makes it an appropriate

solution for the applications that need high response speed such as active power filter.
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Fig. 12. Dynamic response of the control method to sudden reference changes
4, CONCLUSION
In this paper an optimal direct control method for a cascaded H-bridge multilevel inverter is proposed. High-speed response of this
method to sudden changes makes it an appropriate control method for some critical applications such as active power filter. It is worth
noting that to get much concise results, the processor calculation delay time is tried to be compensated in a way that has the minimum
negative effect in the controller operation. To have a proof of over mentioned claims the control method was applied to a prototype of
the converter in several operation conditions. At firs the conventional grid-connected operation of the converter using the proposed
control method is being studied. In the second scenario, the converter is used as an improved active power filter which delivers active
power to the loads as well as compensating the current harmonics. Finally the dynamic response of the converter to sudden changes
was studied and it was proved that the control method could clear the transition to changes in less than 1ms that is an improvement in

the active power filter operation.
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