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Improved model predictive control for three-phase inverter with output LC filter
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The control of inverters with output LC filter has a special importance in applications where a high quality voltage is needed. However, the controller design becomes more difficult. A model predictive control (MPC) is used for voltage control of a three-phase inverter with output LC filter. The controller uses a model of the system to predict the behaviour of the variables for a given voltage vector sequence until a certain horizon of time, then a cost function is used as a criterion for selecting the switching state that will be applied during the next sampling interval. This paper presents the effect of considering different number of prediction steps in terms of THD and the number of cycles or the settling time to reach steady state operation. The simulation results for MPC with only one prediction step and the improved MPC with two prediction steps are presented and compared, under linear and nonlinear loads, using MATLAB/Simulink tools. The simulation results show that the improved MPC improves the THD for nonlinear loads and make it constant for different resistive loads. Moreover, the settling time can be considered constant for various linear and nonlinear loads.

Introduction

The control of a three-phase inverter is one of the most important and classical subjects in power electronics and has been extensively studied in the last decades [START_REF] Rodrguez | Predictive current control of a voltage source inverter[END_REF]. The control of inverters with output LC filter has a special importance in applications where a high quality voltage is needed, such applications include distributed generation and uninterruptible power supplies (UPSs). It is desired, especially for UPS systems, to achieve a good output voltage regulation with any load, typically a nonlinear load [START_REF] Corts | Model predictive control of an inverter with output LC filter for UPS applications[END_REF]. Therefore, low total harmonic distortion (THD) in the output voltage of UPS inverter under various loads and fast dynamic response are the main requirement for high-performance UPS. The inclusion of an output LC filter allows the inverter to provide high quality sinusoidal voltages, but it makes more difficult the controller design and controller parameters adjustment [START_REF] Corts | Model predictive control of an inverter with output LC filter for UPS applications[END_REF][START_REF] Corts | predictive control of a three-phase UPS inverter using two steps prediction horizon[END_REF].

Several control schemes have been proposed for this converter, including nonlinear methods (like hysteresis control), linear methods [like proportional-integral controllers using pulse-width modulation (PWM)] [START_REF] Rodrguez | Predictive current control of a voltage source inverter[END_REF][START_REF] Holtz | Pulsewidth modulation electronic power conversion[END_REF][START_REF] Mohan | Power Electronics[END_REF]Mohamed et al., 2013;[START_REF] Dalapati | Low distortion three-phase sine PWM using a general purpose micro-controller[END_REF], deadbeat control [START_REF] Corts | predictive control of a three-phase UPS inverter using two steps prediction horizon[END_REF][START_REF] Kukrer | Deadbeat control of a three-phase inverter with an output LC filter[END_REF][START_REF] Kojima | Novel vector control system using deadbeat-controlled PWM inverter with output LC filter[END_REF][START_REF] Mattavelli | An improved deadbeat control for UPS using disturbance observers[END_REF], multiloop feedback control [START_REF] Loh | A comparative analysis of multiloop voltage regulation strategies for single and three-phase UPS systems[END_REF][START_REF] Loh | Analysis of multiloop strategies for LC/CL/LCL-filtered voltage-source and current-source inverters[END_REF][START_REF] Buso | Uninterruptible power supply multiloop control employing digital predictive voltage and current regulators[END_REF], repetitive-based controllers (Escobar et al., 2007a(Escobar et al., , 2007b)), and adaptive control based on bank resonant filters [START_REF] Kulka | Stationary frame voltage harmonic controller for standalone power generation[END_REF][START_REF] Marwali | Control of distributed generation systems -Part I: Voltages and currents control[END_REF]. In most of these schemes, the output voltage and one of two currents are used by a cascaded control considering outer and inner control loops, with linear or nonlinear controllers and a modulator is needed to generate the drive signals for the inverter switches [START_REF] Corts | Model predictive control of an inverter with output LC filter for UPS applications[END_REF][START_REF] Corts | predictive control of a three-phase UPS inverter using two steps prediction horizon[END_REF]Mohamed et al., 2013).

Predictive control had found recent application in power converters due to its fast dynamic response (Mohamed et al., 2013;[START_REF] Corts | Predictive control in power electronics and drives[END_REF]Mohamed et al., 2013aMohamed et al., , 2013b)). It can be applied to a variety of systems, constraints and nonlinearities can be easily included, multivariable case can be considered, and the resulting controller is easy to implement. It requires a high amount of calculations, but the fast microprocessors available today make possible the implementation of predictive control. Several control algorithms have been presented under the name of predictive control, as presented in [START_REF] Corts | Predictive control in power electronics and drives[END_REF][START_REF] Corts | Model predictive control of an inverter with output LC filter for UPS applications[END_REF], [START_REF] Huo | ARX modellingand model predictive control for solid oxide fuel cell[END_REF] and [START_REF] Jiang | An efficient explicit algorithm for multi-rate predictive control systems[END_REF]. A well-known type of these control schemes is model predictive control (MPC). It has demonstrated to be a very interesting alternative for the control of power converters and drives. It uses a model of the system to predict the behaviour of the variables until a certain horizon of time, and a cost function is used as criterion to select the optimal future actions [START_REF] Corts | Predictive control in power electronics and drives[END_REF][START_REF] Linder | Model predictive control for electrical drives[END_REF][START_REF] Camacho | Model Predictive Control[END_REF][START_REF] Goodwin | Constrained Control and Estimation[END_REF][START_REF] Maciejowski | Predictive Control with Constraints[END_REF]. In order to simplify the implementation of MPC, the converter can be modelled as a system with a finite number of switching states, and only one time step horizon can be considered for the optimisation, as presented for a three-phase inverter in [START_REF] Rodriguez | Predictive control of a three-phase inverter[END_REF]Rodriguez et al. ( , 2007) ) and Mohamed et al. (2013a), an active front-end rectifier in [START_REF] Cortes | Direct power control of an AFE using predictive control[END_REF], and a multilevel inverter in [START_REF] Perez | Predictive control algorithm technique for multilevel asymmetric cascaded h-bridge inverters[END_REF]. This way, all possible switching states can be evaluated online, then the one that minimises the cost function is selected. However, it is also possible to consider different prediction horizons for improving the behaviour of the system, but increasing the complexity of the system and the computational cost.

This paper proposes the benefit of considering two steps prediction in the control of a three-phase inverter with output LC filter for UPS applications. The improvements are measured in terms of THD of the output voltage and the number of cycles to attain steady state operation. Results are compared with the same system operating with only one step prediction, considering linear and nonlinear loads to verify the feasibility and good performance of the proposed MPC.

System model

The three-phase inverter topology considered in this paper is shown in Figure l. The converter and filter models are presented here, and the load is assumed unknown. The switching states of the converter are determined by the gating signals S a , S b , and S c as follows: where a = e j(2π/3) .

Figure 1 Three-phase inverter with output LC filter

In this paper, it is assumed that the switching devices are ideal switches so the process of switching-on and switching-off is not taken into consideration.

The output-voltage space vectors generated by the inverter are defined by ( )

2 2 v a a 3 i a N b N c N v v v = + + (5) 
where v aN , v bN , and v cN are the phase voltages of the inverter, with respect to the negative terminal of the dc-link N. Then, the load voltage vector v i can be related to the switching state vector S by

v S i d c V = (6)
where V dc is the dc-link voltage.

Table 1

Possible switching states and voltage vectors for a three-phase inverter

S a S b S c v i 0 0 0 v 0 = 0 1 0 0 1 2 v 3 dc V = 1 1 0 2 3 v 3 3 dc dc V j V = + 0 1 0 3 3 v 3 3 dc dc V j V = - + 0 1 1 4 2 v 3 dc V - = 0 0 1 5 3 v 3 3 dc dc V j V = - - 1 0 1 6 3 v 3 3 dc dc V j V = - 1 1 1 v 7 = 0
Considering all the possible combinations of the gating signals S a , S b , and S c , eight switching states and consequently eight voltage vectors are obtained, as shown in Table 1, using (6). Here, variables S a , S b , and S c represent the switching states of the a, b, and c legs of the inverter. Note that v 0 = v 7 , resulting in only seven different voltage vectors, as shown in Figure 2. In this paper, the inverter is considered as a nonlinear discrete system with only seven different voltage vectors as possible outputs. Nevertheless, using modulation techniques like pulsewidth modulation, the inverter can be modelled as a continuous system. Using vectorial notation, the filter current i f , the output voltage v c , and the output current i o can be expressed as space vectors and are defined as

( ) 2 2 i a a 3 f fa fb fc i i i = + + (7) ( ) 2 2 v a a 3 c c a c b c c v v v = + + (8) ( ) 2 2 i a a 3 o o a o b o c i i i = + + (9) 
The equation of the filter inductance expressed in vectorial form is:

i v v f i c d L dt = - ( 10 
)
where L is the filter inductance.

The dynamic behaviour of the output voltage can be expressed by the following:

v i i c f o d C dt = - ( 11 
)
where C is the filter capacitance. These equations can be rewritten as a state-space system as

x x v i i d o d A B B dt = + + (12) 
where

i x v f c ⎡ ⎤ = ⎢ ⎥ ⎣ ⎦ (13) 0 1/ A 1/ 0 L C - ⎡ ⎤ = ⎢ ⎥ ⎣ ⎦ (14) 1/ B 0 L ⎡ ⎤ = ⎢ ⎥ ⎣ ⎦ (15) 0 B 1/ d C ⎡ ⎤ = ⎢ ⎥ - ⎣ ⎦ (16) 
Variables i f and v c are measured, while v i can be calculated using ( 6), and i o is considered as an unknown disturbance.

In this paper, the value of V dc is assumed fixed and known.

The output of the system is the output voltage v c and written as a state equation

v [0 1]x c = (17) 
A discrete-time model of the filter is obtained from ( 12) for a sampling time T s , and is expressed as:

x( 1)

x( ) v ( ) i ( )

q qi d q o k A k B k B k + = + + (18) 
where

s AT q A e = (19) 0 s T Aτ q B e Bd τ = ∫ (20) 0 s q T Aτ d d B e Bd τ = ∫ (21)
This model is used to calculate predictions of the output voltage v c for a given input voltage vector v i , and the selection of the optimal voltage vector is made using the predictive control scheme. In order to predict the output voltage v c using (18), the output current i o is needed. So it can be estimated using the following equation, obtained from (11):

( ) i ( 1) i ( 1) v ( ) v ( 1) o f c c s C k k k k T -= -- - - (22) 
For sufficiently small sampling times T s , it can be supposed that the output load does not change considerably in one sampling interval and, in that case, assume i o (k -1) = i o (k).

Model predictive control

The use of MPC with different prediction horizons to control the power converter is proposed in this paper. It is suitable to control this kind of system due to its fast dynamic response. It can be applied to a variety of systems, constraints and nonlinearities can be easily included, multivariable case can be considered, and the resulting controller is easy to implement. This case takes into account an important restriction of the inverter, it can generate only seven different output-voltage vectors, and takes advantage of this restriction, making it possible to solve online the optimisation problem of MPC.

The block diagram of the MPC for a three phase inverter with output LC filter, considering a one prediction step N = 1, is shown in Figure 3. The control cycle of MPC at sampling time k is described step by step as follows:

1 obtain (measure) the value of the output voltage v c (k) and the filter current i f (k) at sampling time k 2 predict the value of the output voltage at the next sampling instant v c (k + 1) for all the possible voltage vectors that the inverter generates, as shown in Table 1, using (18)

3 estimate the (unmeasured) output current i o (k) using ( 22) to obtain the prediction v c (k + 1) using ( 18) 4 the seven predictions obtained for v c (k + 1) are compared using a cost function g 1 , as shown in (24) 5 the voltage vector v i that minimises this function is then chosen and its corresponding switching state is applied at the next sampling instant 6 wait until sampling time k+1 and turn back to step 1. When two steps are considered for prediction, two cases are considered for voltage vectors. First case, one voltage vector is applied during the first sampling period and another voltage vector is applied during the second sampling period. This requires a high amount of calculations, which can make very difficult the experimental implementation of the algorithm. Second case, the same voltage vector is applied during two sampling periods to reduce the number of calculations. This approach simplifies the algorithm. It can be observed that in both cases the performance is very similar and considerably better than the case of one step prediction, as presented in [START_REF] Corts | predictive control of a three-phase UPS inverter using two steps prediction horizon[END_REF]. So, in this paper the second case is considered.

The block diagram of the improved MPC for a three-phase inverter with output LC filter, considering two prediction steps N = 2, is shown in Figure 4. The control cycle of the improved MPC at sampling time k is described step by step as follows:

1 Obtain (measure) the value of the output voltage v c (k) and the filter current i f (k) at sampling time k.

2 Predict the value of the output voltage and the filter current at the next sampling instant using (18), v c (k+1) and i f (k+1), considering the voltage that the converter is applying during the present sampling interval.

3 The value of the output voltage v c (k+2) is predicted for all the possible voltage vectors that the inverter generates using the values, v c (k +1) and i f (k +1), predicted for k + 1.

4 The seven predictions obtained for v c (k + 2) are compared using a cost function g 2 , as shown in (25). 5 The voltage vector v i that minimises this function is then chosen and its corresponding switching state is applied at the next sampling instant k + 1.

6 The output current, i o (k+1), value used for predictions k + 2 is estimated using ( 22). Here, in this paper the present value of output current i o (k) is measured and fed to predict the value of the output voltage and the filter current, v c (k + 1) and i f (k + 1), at the next sampling instant, k + 1, using (18).

7 Wait until sampling time k+1 and turn back to step 1.

Here, the inverter applies a voltage vector during a whole sampling period. The proposed predictive control calculates predictions until time k + 2 based on measurements made at time k and considering that the new voltage vector will be applied in k + 1.

Cost function

A cost function to be minimised evaluates the error between the output voltage predictions and the reference voltage. In this paper, a cost function g N expressed in orthogonal coordinates and defines the desired behaviour of the system to minimise the error in the output voltage ( ) ( ) ) ( )

2 2 * * ( ) ( ) N c c c c g v k N v k N = - + + - + v v α α β β ( 
2 2 * * 1 ( 1) ( 1) c c c c g v k v k = - + + - + v v α α β β (24) 
While for the improved MPC with two steps prediction N = 2, it considers the following cost function

( ) ( ) 2 2 * * 2 ( 2) ( 2) c c c c g v k v k = - + + - + v v α α β β (25)

Simulation results

Simulations of the system shown in Figure 1 were carried out for resistive and nonlinear loads, using MATLAB/Simulink tools, to verify the proposed control strategy for a three-phase inverter. Behaviour of the system is evaluated and compared for one and two prediction steps. The parameters of the system are shown in Table 2. 4. It is observed that the performance of the improved MPC is better than the case of MPC. This improvement can be noticed in the lower THD and in less settling time, almost 10 msec, in the output voltage. The meaning of inrush current is the current peak at the moment of switching on the circuit. Power converters often have inrush currents much higher than their steady state currents, due to the charging current of the capacitance of the nonlinear load. Finally, it is observed that the THD is increased when a three steps prediction is considered with respect to the case of two steps prediction, for linear and nonlinear loads, but still better than the case of one step prediction. This is due to the assumptions and approximations considered for the model, which are not valid for such long prediction horizons.

Conclusions

In this paper, the improved MPC for an UPS system considering two prediction steps is presented and compared with MPC with one prediction step. It is observed that the behaviour of the system improves when a higher number of prediction steps is considered. On the other hand, the number of calculations increases exponentially. The problem of high number of calculations can be simplified by considering the same voltage vector is applied during several sampling periods. The simulation results show that the performance of the improved MPC is better than the case of MPC. It is observed, for different values of resistive load, that the changing of resistive load value leads to change the value of output voltage THD and settling time, in the case of MPC.

On the other hand, the THD and settling time for the improved MPC can be considered constant due to the small variation and are not changed with different values of resistive load. For different values of nonlinear load, the improvement of the improved MPC can be noticed in the lower THD and in less settling time. The output voltage takes almost 10 msec to reach steady state operation for different values of nonlinear load.
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 2 Figure 2 Possible voltage vectors generated by the inverter
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 34 Figure 3 Block diagram of MPC with only one prediction step

  the real and imaginary parts of the output-voltage reference vector * , c v while v cα and v cβ are the real and imaginary parts of the predicted output-voltage vector v c (k + N). This cost function is evaluated for each one of the seven voltage vectors generated by the inverter. In this work, the voltage reference is kept constant until time k + N and equal to * ( ).

  For a MPC with only one step prediction N = 1, it considers the following cost function

(

  

  The behaviour of the MPC, with only one prediction step, for resistive loads of 50-Ω, 2-k Ω, and 4-M Ω are shown in Figures 5 to 7. The amplitude of the reference voltage is set to 200 V, and the frequency is 50 Hz. It is observed that, the output voltages in the steady state operation are sinusoidal with low distortion. Moreover, the settling time 'the time to reach steady state operation' changes with the resistive loads. It takes about 5 msec 1 4 ( cycle), 35 msec (1.75 cycles), and 40 msec (2 cycles) to reach steady state operation for resistive loads of 50-Ω, 2-k Ω, and 4-M Ω, respectively.
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 567 Figure 5 Simulation results: output voltages and currents for a MPC with 50-Ω load
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 8910 Figure 8 Simulation results: output voltages and currents for the improved MPC with 50-Ω load

  The diode-bridge rectifier, with values R = 60 Ω and C = 3,000 μF or with values R = 1,000 Ω and C = 3,000 μF, shown in Figure11was used as nonlinear load. The behaviour of the MPC for the previous nonlinear loads are shown in Figures12 and 13. Here, distortion in the output voltage in the steady state operation is noticeable but the performance of controller still good, despite the highly distorted load currents. Moreover, the settling time changes with the load. It takes about 20 msec (one cycle) and 55 msec (2.5 cycles) to reach the steady state operation for the diode-bridge rectifier with values R = 60 Ω and C = 3,000 μF and with values R = 1,000 Ω and C = 3,000 μF, respectively.The behaviour of the improved MPC for the same previous nonlinear loads are shown in Figures14 and 15. It is observed that, the output voltage presents a small distortion, but it is still sinusoidal despite the highly distorted load currents. Moreover, the settling time in both cases less than 10 msec (<0.5 cycle). Simulation results for nonlinear load with different values of R and C for both cases of MPC are shown in Table

Figure 11 Figure 12 Figure 13 Figure 14 Figure 15

 1112131415 Figure 11 Diode-bridge rectifier used as nonlinear load

Table 2

 2 System parameters

	Parameter	Value
	DC link voltage V dc	520 [V]

Table 3

 3 A summary for different values of resistive load

	Resistive load	Improved MPC	MPC
	R	THD %	t settling [msec]	THD %	t settling [msec]
	20-Ω	0.74	2	1.71	3
	50-Ω	0.74	2	2.30	5
	0.1-k Ω	0.74	2	2.74	11
	0.5-k Ω	0.74	2	3.16	16
	1-k Ω	0.74	2	3.32	20
	2-k Ω	0.76	2	3.84	35
	4-M Ω	0.77	2	6.12	40

Table 4

 4 A summary for non-linear loads

	Nonlinear load	Improved MPC		MPC	
		Change only the value of R and C = 3,000 μF		
	Value	THD %	t settling [msec]	THD %	t settling [msec]
	30-Ω	1.81	7	3.43	15
	60-Ω	1.06	9	2.34	20
	100-Ω	1	9	2.24	30
	800-Ω	0.71	8.8	3.93	38
	1-k Ω	0.75	8.8	3.06	55
		Change only the value of C and R = 60 Ω		
	100 μF	1.18	3	1.41	9
	500 μF	1.57	4	2.63	16
	1,000 μF	1.43	6	2.62	20
	5,000 μF	1.17	9	3.45	23