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A fast active-balancing method for the 3-phase multilevel flying capacitor inverter derived from control allocation theory

INTRODUCTION

Multilevel converters are a widely-used solution for mediumvoltage high-power applications [START_REF] Franquelo | The age of multilevel converters arrives[END_REF], [START_REF] Abu-Rub | Medium-Voltage Multilevel Converters -State of the Art, Challenges, and Requirements in Industrial Applications[END_REF]). The multilevel conversion solution makes it possible to overcome the voltage limit of a single switch, to improve the harmonic quality of output voltages and currents, and to reduce switching losses.

The increase of the number of control elements implies an increase of control design complexity as well as of degrees of freedom and redundancies. Despite of this flexibility, control methods for multilevel converters are often derived from approaches developed in the context of two-level conversion and may not be optimal. Control methods based on a geometric representation like Space Vector Modulation (SVM) are an example of increased design complexity, as the number of vectors grows exponentially with the number of switches.

We are investigating an original approach of power converter control that seems to be promising regarding the following ideal objectives: (1) be structurally independent of the number of switches, (2) always furnish a solution, (3) take advantage of available redundancies, (4) be easily reconfigurable if a fault occurs on a switch, (5) result in an optimized conversion operation, (6) be executable in real-time. We propose to consider the switching elements as available redundant resources subjected to a range of operation, making it possible to define under-determined constrained optimization problems for power converters [START_REF] Bouarfa | A new control allocation method for power converters and its application to the four-leg two-level inverter[END_REF](Bouarfa et al ( , 2016a,b),b)). Such formulations are similar to the so-called control allocation problems encountered for example in flight control and marine applications [START_REF] Bodson | Evaluation of Optimization Methods for Control Allocation[END_REF], [START_REF] Johansen | Control Allocation-A survey[END_REF]).

The authors already developed control allocation methods for the 3-leg and 4-leg 2-level inverters [START_REF] Bouarfa | A new control allocation method for power converters and its application to the four-leg two-level inverter[END_REF](Bouarfa et al ( , 2016a,b),b)). The same framework can handle control variables of different natures, e.g., durations of vectors in SVM or duty cycles of switches. Solutions resulting from control allocation methods for power converters naturally yield a maximal extension of the linearity range of the inverter. Known methods were recovered as special cases, such as SVM and some Discontinuous (D) Pulse Width Modulation (PWM) methods (Holmes, Lipo, 2003), but new methods were discovered as well, like the Opposite Median Injection PWM (OMIPWM). OMIPWM is a simple parametric method offering a continuous transition from continuous to discontinuous modulation scheme as a function of the reference amplitude (Bouarfa et al (2016a)).

The method introduced in this paper is the result of a new investigation of control allocation methods for multilevel inverters. The inverter topology addressed here is the wellknown Flying Capacitor (FC) inverter [START_REF] Meynard | Multi-Level Choppers for High Voltage Applications[END_REF]). Each leg of the FC inverter is comprised of a seriesconnection of switching cells and flying capacitors that serve as voltage sources, whose reference values are fractions of the DC-bus voltage. Advantages of the FC inverter are the absence of clamping diodes, the ability to regulate easily the capacitor voltages and the equal distribution of switching efforts thanks to redundant leg states.

The main control challenge of the FC inverter is the balance of its capacitor voltages for the safe operation of switches: the blocking voltage of any switch must be below its limit value. The Phase Shifted PWM (PS-PWM) [START_REF] Meynard | Modeling of multilevel converters[END_REF]) is one of the most used methods for the flyingcapacitor converter because it can achieve a natural balance of the capacitor voltages by imposing interleaved pulses of equal duty cycles to the cells of a leg. However, the poor dynamics of the natural balance and their high dependency on the nature of the output impedance and on the modulation index does not guarantee the safe operation of the converter regarding fast variations of the DC-bus voltage. In these cases, active balancing control is needed.

The method introduced in this paper is an application of the control allocation approach to the FC inverter. For this investigation, we address the voltage control and the capacitorvoltage active balancing problem leg-by-leg. Carrier-based PWM (CB-PWM) is used for the computation of leg-toground voltage references. In order to realize an efficient active balancing of the capacitor voltages, high-frequency modulation is used. For now, space vector control is avoided, as it was found that taking the switches duty cycles as control variables leads to smaller control matrices than their counterparts with space vector durations [START_REF] Bouarfa | Unpublished. An optimization formulation of converter control and its general solution for the 4-leg 2-level inverter[END_REF]), and that the space vector control approach gives the same results as the switch-control approach on average over the switching frequency.

An optimization problem is defined in order to produce a solution and ensure an optimized active balancing and output voltage control. Then, the problem is transformed into a linear program (LP), which can be solved using the powerful simplex algorithm with its interesting properties (fast to compute, easy to code, simple to understand, efficient, can be computed with parallelism).

The method is tested in simulations against fast DC-busvoltage variation profiles. It is shown that the natural balance effect is not sufficient to ensure safe switching operation under these conditions but, with the new method, the disturbances are well rejected and the switches' voltages stay below their maximal admissible value. The method results in an optimized bandwidth and active balancing.

THE 3-LEG MULTILEVEL FLYING-CAP INVERTER

Fig. 1 shows a 3-leg 4-level flying-capacitor inverter supplying a 3-phase Y-connected load with load impedances ZA, ZB, ZC. The load is assumed to be balanced. EDC is the DC-bus voltage. The DC-bus lower side is assumed to be at the ground for the simplicity of the inverter equations. Otherwise, the ground can be considered at another value, leading to the same equations but with an offset.

Switches are illustrated by rectangles in Fig. 1. A switch is taken as an association of an IGBT and a diode in antiparallel.

All the following definitions are done by reference to the leg A. A switching cell is defined as a pair of two switches having complementary binary states. Dead times are neglected.

The state of a switching cell corresponds to the state of the upper switch: 1 for on, 0 for off. Each leg of the inverter is comprised of an association of ncells cells and ncaps = ncells-1 capacitors in series, which makes it possible to have multiple levels at the output of the leg, depending on the states SA (column vector) of the cells.

The evolution of the leg-A capacitor-k voltage is given by
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where CAk is the capacitance, iCAk is the current, VCAk is the voltage of the capacitor, iA is the phase-A current and SAk and SAk+1 are the states of the switching cells preceding and following the capacitor in the series connection, respectively. To ensure safe operation, the capacitor-k voltage has to be equal to its reference value
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In that case, capacitors are said to be balanced. Cell voltages VcellA (column vector) correspond to the voltage differences of pairs of two consecutive capacitors:
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and are equal to EDC/ncells if capacitors are balanced.

The output leg-to-ground voltage of leg A is given by
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According to the Y-connection, the load voltages (relative to the neutral potential VN) are 
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GENERAL CONTROL STRATEGY

For the implementation and evaluation of the method introduced in this paper, we adopt a general cascade control scheme that permits the user to choose the current strategy for an eventual current loop.

Assume that the main objective is to obtain a 3-phase balanced reference system ΔVref = (VANref VBNref VCNref) T of load voltages. The reference system is achievable in a linear way by PWM control until a fundamental amplitude of EDC/√3 is reached. The degree of freedom avai1able for the satisfaction of the load voltages ΔVref by leg-to-ground voltages Vref = (VAref VBref VCref) T can be represented by the choice of the neutral potential VN. By defining the two bounds VNmin = -min ΔVref and VNmax = EDC -min ΔVref, it is sufficient to have VNmin ≤ VN ≤ VNmax in order to achieve the reference voltages at a given time.

Carrier-based PWM (CB-PWM) (Holmes, Lipo (2003)) is a simple solution of control of this degree of freedom. If one chooses a zero voltage signal VZVS (which is mainly a harmonic 3 or an odd harmonic multiple of 3) such that VN = EDC/2 + VZVS, it is sufficient to take the leg-to-ground-voltage references as Vref = ΔVref + EDC/2 + VZVS. For example, it is possible to use the third-harmonic-injection PWM of 1/6 of fundamental amplitude (THIPWM1/6) [START_REF] Buja | Improvement of Pulse Width Modulation Techniques[END_REF]) or the CB-PWM-equivalent Space Vector Modulation for multilevel converters [START_REF] Mcgrath | Multicarrier PWM strategies for multilevel inverters[END_REF], [START_REF] Mcgrath | Optimized space vector switching sequences for multilevel inverters[END_REF]).

After the computation of the leg-to-ground reference voltages, the active balancing algorithm is executed, and its solution is realized by PWM based on the PS modulation principle.

Consequently, the global control structure is simple, completely decoupled, and enables parallel computations, resulting in fast real-time control.

The general control diagram is shown on Fig. 2.

CLASSIC PS-PWM NATURAL BALANCING

PS-PWM is a common popular carrier-based PWM method for FC converters. It does not need any voltage or current sensors. The natural balancing property of the FC converter has been well-studied [START_REF] Meynard | Modeling of multilevel converters[END_REF], [START_REF] Gateau | Multicell converters: active control and observation of flying-capacitor voltages[END_REF], [START_REF] Wilkinson | Natural Balance of Multicell Converters: The General Case[END_REF][START_REF] Mcgrath | Analytical Modelling of Voltage Balance Dynamics for a Flying Capacitor Multilevel Converter[END_REF], Reznikov, Ruderman (2009), Ruderman et al (2009a,b)). With ncells cells, gate signals are obtained by comparison between identical duty cycles of ideal value αideal (equal to Vref/EDC) and ncells carrier-waves shifted by 2π/ncells. However, the natural dynamics are very slow and depend, among others, on the harmonics of load currents (rather than their average values).

For choppers, if the PS-PWM principle is perfectly respected, it results in optimized harmonic quality, meaning that the apparent switching frequency becomes equal to the real switching frequency times the number of cells.

A ACTIVE BALANCING METHOD DERIVED FROM CONTROL ALLOCATION THEORY

The problem of the control of the multicellular inverter is naturally and initially a constrained nonlinear problem that can be addressed by different methods with different control time-horizons: (1) high-frequency control, e.g., Finite Control Set (FCS) Model Predictive Control (MPC) methods for direct control of the switching states [START_REF] Vazquez | Model Predictive Control: A Review of Its Applications in Power Electronics[END_REF], Geyer, Quevedo ( 2014)) or PWM control by using multilevel modulators [START_REF] Mcgrath | Multicarrier PWM strategies for multilevel inverters[END_REF]), and (2) fundamentalfrequency control, like Selective Harmonic Elimination (SHE) [START_REF] Franquelo | The age of multilevel converters arrives[END_REF]).

As duty cycles are linear positive variables that can be directly controlled and as the switch-control approach leads to smaller control matrices than the vector-control approach [START_REF] Bouarfa | Unpublished. An optimization formulation of converter control and its general solution for the 4-leg 2-level inverter[END_REF]), we derive a simple linear control problem on average over a switching period TS from the initial nonlinear equations of the flying-capacitor inverter, and by assuming that the phase currents and the capacitor voltages are constant over each control period. We transform the problem into a linear program (LP) to be solved in real-time by the simplex algorithm over TS.

Linear control problem

In this section, we develop the control problem for one inverter leg A, as the strategy will be the same for the other legs. There are two objectives to satisfy: obtaining the correct leg-to-ground voltages, and balancing the capacitor voltages.

The control variables are the duty cycles αA = < SA >Ts of the switching cell states SA over TS. At each control time, if the capacitor voltages are unbalanced, the objective is to move the capacitor voltages to their reference values. The desired capacitor-voltage evolutions over TS are
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The matrix ΔCA of capacitor voltage evolution over TS is defined by sampling and holding the values of currents and voltages in (1) over TS: 
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This means that, in order to balance an unbalanced capacitor voltage, the duty cycle values of the two nearest cells must be different, and one moves away from the ideal switching operation where all the duty cycles are identical.

A simple linear control problem of the leg-to-ground voltage and the capacitor voltages of a multicellular leg is
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where "u.c." means "under constraints", and where 1 0
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Note that, as the balancing equations are already included in the control problem, redundancies are completely used for this purpose: the problem is not under-determined. However, it is still a constrained problem that has to be solved in realtime. The challenge is to find a solution whether the desired output vector ad is obtainable or not, for example when the capacitor voltages are too much unbalanced or when a fast variation of the DC-bus voltage occurs.

An idea is to formulate an optimization problem in order to find a feasible solution that will result in an optimized active balancing. Define a criterion J that has to be minimized. The leg-to-ground voltage control error ec is
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The balance error eb is
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Thus, an associated optimization problem is
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where || || is a norm and ε0 is a small weighting factor that gives priority to the control error term. The choice of the ℓ1 norm in the expression of the criterion J enables the formulation of a LP and the use of the simplex algorithm.

Transformation into a linear program

As a linear program (LP) require positive decision variables, a common technique consists in adding new artificial variables that are the negative part exand the positive part ex + of any variable ex that may be negative as 
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and Ik is the identity matrix of order k. The sizes of x, xmax, and c are ncells + 2 + 2ncaps rows (1 column); size of A is 1 + ncaps rows and ncells + 2 + 2ncaps columns; the size of b is 1 + ncaps rows (1 column).

Solution of the linear program

The simplex algorithm, developed by Dantzig and first introduced in 1947 [START_REF] Luenberger | Introduction to Linear Programming[END_REF], [START_REF] Minoux | Programmation mathématique : Théorie et algorithmes, 2nd edition[END_REF]), is a powerful, widely-used, and well-understood technique for LP solving.

The constraint set of a LP is a polyhedron defined by the matrix inequalities Ax ≤ b. The linearity of the problem and the convexity and the compactness of the constraint set are convenient for three reasons: (1) a minimum is guaranteed to exist, (2) if a minimum is found, then it is also a global minimum, and (3) as the cost function is linear, any global minimum is necessarily a vertex or is located between two vertices of the constraint set. Any vertex is thus called a basic feasible solution. The simplex algorithm is an iterative method exploiting these properties: it moves from a basic feasible solution (or vertex) to a better basic feasible solution. The algorithm stops when no better move can be found: the optimal solution is reached. As there is only a finite number of vertices in the constraint set, the algorithm is guaranteed to converge in a finite time. Moreover, the simplex algorithm is a well-proven, fast and easy-to-code technique [START_REF] Minoux | Programmation mathématique : Théorie et algorithmes, 2nd edition[END_REF], and [START_REF] Bodson | Evaluation of Optimization Methods for Control Allocation[END_REF] in control allocation).

The new method introduced in this paper is different from common MPC methods, because (1) MPC methods typically use a quadratic criterion that does not give access to LP techniques, and (2) with the common Finite Control Set MPC (FCS-MPC) for converters, the solution is typically computed by exhaustive search while, with the simplex algorithm, each iteration brings the solution closer to the optimal one.

Here, the method is especially useful for the handling of saturation cases, where the ideal solution is not feasible (for example, when capacitors are too much unbalanced).

Disabling of balancing equations

One difficulty met by active balancing methods is that the converter is not controllable when the current is null. As the balance of a capacitor voltage is achieved by increasing the difference of the duty cycles between adjacent cells, not only will the capacitor voltage not reach its reference value when the current value is too low, but the harmonic quality of the current will also be temporarily degraded.

One possibility is to disable the balancing equations when the current is below a given threshold. Assuming an AC load current, the balancing of the capacitor voltages is enabled most of the time and disabled when it is not possible to charge or discharge the capacitors.

Computation time

Even if the simplex algorithm shows fast computation performance, the solution of the active balancing method is at best available only at the beginning of the next control period. Execution time has to be taken into account. A solution that has been proposed consists in computing a solution to be applied for the next control period by using a 2-period prediction of the load currents [START_REF] Norambuena | A simple modulation strategy for a Flying Capacitor Converter using Predictive Control[END_REF]).

SIMULATION RESULTS

In order to demonstrate the ability of the new method to handle undesired fast variations of the DC-bus voltage, two different profiles were tested in simulation by using MATLAB-Simulink. The first test is a smooth-ramp variation of the DCbus voltage followed by a voltage reference step. For the second test, two sinusoidal variations of different frequencies occur. A comparison is made between PS-PWM and the new method considering the evolution of the switching cells voltages and their deviations from their reference values. Table 1 summarizes the values of the main parameters used in the simulations. 6.1. First test: smooth-ramp variation of the DCbus voltage

The initial DC-bus voltage value is 1500 V. As in Fig. 2 and Fig. 3, a falling smooth-ramp variation of 500 V of the DC-bus voltage occurs at t = 50 ms and ends at t = 90 ms. Then, at t = 200 ms, a raising smooth-ramp variation restores the DC-bus voltage to its initial value. Fig. 3 and Fig. 4 show, for PS-PWM and the new method respectively, the resulting evolution of the cell voltages. Assuming that the nominal voltage of the switches is 500 V and that the maximal voltage that can be handled is 10% of the nominal voltage, thus 550 V, the two resulting bounds are represented by the two dashed lines in Fig. 5 and Fig. 6. Also, the purple dash-dotted line indicates that the cell reference voltage that is EDC/ncells. From these two figures, it is clear that the PS-PWM natural balancing property is not sufficient to guarantee safe switching operation, as the voltage of cell A3 is over the maximum admissible voltage for a long time, while the new method ensure a fast response to the variation of the DC-bus voltage and results in safe, admissible cell voltages. Fig. 7 and Fig. 8 illustrates the load currents. At t = 400 ms, a step of the reference voltage is required, which is correctly executed by both methods. There is no visible difference in the load currents between the two methods. However, the values of Table 2, which indicates total harmonic distortion of load currents and load voltages, the harmonic quality of the currents is slightly degraded with the new method. The highly responsive active balancing moves the duty cycles away from their ideal value (all duty cycles identical). Also, the abrupt, periodic, but necessary disabling/enabling of the balancing equations may result in unwanted harmonics. However, the difference is very small, and the benefit of the active balancing is vital. 

Second test: sinusoidal variations of the DC-bus voltage

The initial DC-bus voltage value is 1250 V. As illustrated in Fig. 9 and Fig. 10, at t = 100 ms, a first sinusoidal variation of 250 V at frequency f/5 = 10 Hz is applied to the DC-bus voltage and ends at t = 400 ms, lasting 3 periods. Then, at t = 450 ms, a second sinusoidal variation of 250 V at frequency f/3 = 17 Hz of the DC-bus voltage occurs, and finishes at t = 630 ms. Fig. 13 and Fig. 14 show the load currents for the same test.

There is still no visible difference in the load currents between the two methods. As we can see in Table 2, the harmonic quality of the load currents is again slightly degraded with the new method. However, the THD of the load voltages is higher for the PS-PWM method. The result highlights the fact that the harmonics of the load voltages for the new method are closer to low frequencies than the harmonics for the PS-PWM method. But, as was mentioned for the first test, the difference is still very small, and the response of the PS-PWM control is not admissible for the switches.

CONCLUSIONS

A new control allocation method was developed for the multilevel flying-capacitor inverter. The method shows very fast response to DC-bus voltage disturbances, therefore ensuring the safety of the switching elements thanks to the powerful active balancing being performed. Available redundancies are used for the active balancing through the derivation of a simple and small linear program dedicated to the multicellular flying-capacitor inverter. The switching efforts are well balanced between the switches: each switch commutes only twice per switching period. Thanks to the nature of the proposed solution, algebraic constraints on the duty cycles and their differences can be taken into account.
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 1 Fig. 1. Illustration of a 3-leg 5-level flying capacitor inverter.
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 3 Fig. 3 & 4 -Leg-A cap voltages for the first profile. Left: PS-PWM. Right: new control allocation solution.
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 5 Fig. 5 & 6 -Leg-A cells voltages for the first profile. Left: PS-PWM. Right: new control allocation solution.
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 7 Fig. 7 & 8 -Load currents for the first profile. Left: PS-PWM. Right: new control allocation solution.
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 9 Fig. 9 & 10 -Leg-A cap voltages for the second profile. Left: PS-PWM. Right: new control allocation solution.
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 11 Fig. 11 & 12 -Leg-A cells voltages for the second profile. Left: PS-PWM. Right: new control allocation solution.
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 13 Fig. 13 & 14 -Load currents for the second profile. Left: PS-PWM. Right: new control allocation solution.
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 9 Fig. 9 and Fig. 10 also show the evolution of the switching cell voltages during the disturbances of the DC-bus voltage, respectively for PS-PWM and the new method. Fig 11 and Fig. 12 prove again that the new method offers an effective and fast rejection of the variation of the DC-bus voltage, unlike the PS-PWM natural balancing, for which the voltage of cell A3 is clearly and repeatedly over the maximum admissible voltage.

Table 1 . Main simulation parameters

 1 

	Symbol	Meaning	Values
	TS (fs)	Switching period (frequency)	250 μs (4 kHz)
	T (f)	Fundamental period (frequency)	20 ms (50 Hz)
	R & L	Load resistance and inductance	10 Ω & 1.3 mH
	C	Inverter capacitances	100 μF
	ncells	Number of switching cells per leg	3
	Tstep	Simulation step	TS/1000 = 0.25 μs

Table 2 . Total harmonic distortion (in percent) Smooth-ramp variations Sine-wave variations PS-PWM New method PS-PWM New method

 2 

	Voltage	30.44	30.60	57.95	57.57
	Current	2.69	2.86	5.08	5.18