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This paper proposes to observe a set of capacitor voltages from modular multilevel converter using only one current and one voltage measurement for the ensemble. This is achieved by estimating the voltage values using the current and the gating signal. The estimation is then corrected using a sliding mode control on the voltage error of the whole halfarm. When compared with previously proposed observers, this one has the advantage of being simpler and expandable to any number of submodules. Furthermore, each half-arm can be treated independently, making it possible to solve them in parallel. Accuracy of the proposed observer is demonstrated through a real-time simulation of a 300 submodules three-phase modular multilevel converter during initialization, steady-state and AC-fault operation.

I. INTRODUCTION

T HERE has been a significant effort towards addressing the relevant issues and technical challenges associated with the operation and control of the modular multilevel converters (MMC or M2C). There are various good reasons for the success of the MMC when considering its broadening applications. On one hand, industry demands of multi-megawatt power level equipment connected to medium-voltage network [START_REF] Rodriguez | Multilevel inverters: a survey of topologies, controls, and applications[END_REF], where energy-efficient power conversion is essential [START_REF] Ängquist | Open-loop control of modular multilevel converters using estimation of stored energy[END_REF]. On the other, demands issued of the massive integration of renewable energies from distant locations, which encompass HVDC and Super Grids, comprising mostly of DC transmission [START_REF] Bergna | An energy-based controller for hvdc modular multilevel converter in decoupled double synchronous reference frame for voltage oscillation reduction[END_REF], [START_REF] Debnath | Operation, control, and applications of the modular multilevel converter: A review[END_REF]. One very relevant concern, when dealing with MMC comprising a great number of cells, is its reliability, which has also to do with diminishing the number of sensors impacting on simpler hardware structure and improved real time performance. Such problem can be addressed via conceiving observer-based control strategies. In [START_REF] Nademi | Modular multilevel converter with an adaptive observer of capacitor voltages[END_REF], authors proposed an to estimate capacitor voltage of each submodules (SM) and the current of the converter using the gating signals for the power electronics switches and the voltage applied on the DC-side of the converter. Those estimations are then corrected using the measured current of the converter. One of the issues is that whether or not a submodule is used during computation of the error, its capacitor voltage value is corrected; leading to unrequired correction. The method proposed in this paper has the advantage to be not only significantly simpler, and it can also be parallelized achieving faster resolution. Each halfarm of the MMC is treated independently, and the capacitor voltage values are estimated using the measured current of the half-arm and the gating signals of each SM. The estimation is then corrected using a sliding mode control on the error for the voltage measurement of the whole half-arm. Also, voltage correction is only applied to SM that are used to compute the voltage error.

The paper is divided as follow. In section II, the propose observer is presented and its stability is demonstrated. Accuracy of the newly proposed method is validated through realtime simulation in section III. Finally conclusions are drawn in section IV.

II. PROPOSED OBSERVER

The first step is to determine if the system is observable. Equation [START_REF] Rodriguez | Multilevel inverters: a survey of topologies, controls, and applications[END_REF] gives the state-space model of the averaged system.

        v1 . . vN iarm         = A nl (g)         0 • • • 0 g1 C . . . . . . . . . 0 • • • 0 g N C -g1 L . . . -g N L -R L                 . . . . . v 1 . . v N i arm         +         . 0 . . 0 V dc         (1)
Where v n are the cell capacitor voltages, g n are the cells duty cycle for n = 1 : N. i arm is the measured arm current through all the series capacitor which are inserted in the branch. C, L and R are the cell capacitances (admitted to have the same value), the arm inductance and resistance, respectively. The arm voltage varm is given as the sum of all the inserted cell capacitors in the branch, pondered by their duty cycle: 

[ v arm i arm ] = C nl (g) [ g 1 • • • g N 0 0 • • • 0 1 ]       v 1 . . . v N i arm       (2) 
Notice that the arm current i arm , whose dynamics is given in [START_REF] Rodriguez | Multilevel inverters: a survey of topologies, controls, and applications[END_REF], and v arm are measured variables, i.e., the system outputs. They are, on the other hand, the observer inputs. The capacitor voltages are only function of the arm current and the duty cycle applied to the upper switch, as shown in [START_REF] Rodriguez | Multilevel inverters: a survey of topologies, controls, and applications[END_REF]. This is a nonlinear (bilinear) system, since the A nl (g) and C nl (g) matrices in ( 1) and ( 2) are functions of the duty cycles g n . Therefore, in order to establish the system local observability a linearization around a certain operating point (X,G) will be done, and a small signal linear model will be derived, with

X = [V 1 , • • • , V N , I arm ] T and U = [ḡ 1 , • • • , ḡN ] T . Let x = [v 1 , • • • , v N , i arm ]
T be the state vector of the nonlinear

system, u = [g 1 , • • • , g N ] T the input vector, y = v arm ,
the measured output, and

x s = x -X, u s = u -U and y s = y -Y , Y = [V arm , I arm ]
T , the small signal state, input, and output vectors, respectively, of the linearized system around an operation point given by constant duty cycles U, a constant state vector X, and a constant output Y, such that:

ẋs = A l ∂F (x, u) ∂x X,U x s + B l ∂F (x, u) ∂x X,U u s ŷ = y s = C l ∂G (x, u) ∂x X,U x s + D l ∂F (x, u) ∂x X,U u s (3) 
where 1) and ( 2) and the small duty cycle signal is

F (x, u) = A nl (g)x and G (x, u) = ∑ N n=1 g n v n as in (
u s = [g s1 , • • • , g sN ]
T . This gives (4) and ( 5) the linear matrices of the small signal model (3):

A l =       0 • • • 0 g 1 . . . . . . . . . . . . 0 • • • 0 g N -ḡ1 L . . . -ḡN L -R L       B l =       I arm • • • 0 0 . . . . . . . . . . . . 0 • • • I arm 0 -V1 L . . . -VN L -1 L       (4) 
C l = [ ḡ1 • • • ḡN 0 0 • • • 0 0 ] D l = [ V 1 • • • V N 0 0 • • • 0 0 ] (5) 
It can be seen that globally, the state vector x is not observable, i.e., the rank of the observability matrix

O = [ C l , C l A l , • • • , C l A N -1 l ] T is r = 2<N . Nevertheless, the
individual capacitor voltages v n are observable locally, considering the remaining capacitor voltages as perturbations. The resulting individual small signal dynamics is:

ẋsn [ vsn isarm ] = An [ 0 ḡn L -ḡn L -R L ] [ v sn i sarm ] + Bn [ i arm -vn L ] g sn - [ 0 φ ] (6) y [ v sarm i sarm ] = Cn [ 1 0 0 1 ] [ v sn i sarm ] + [ φ 0 ] ( 7 
)
where φ is a perturbation term given as:

φ = N ∑ k = 1 k ̸ = n ḡk v s k (8)
Now, the observability matrix

O n = [C n , C n A n ]
T has rank r = 2, which is the order of the subsystem. The capacitor voltage for each cell can be estimated using arm current and its gating signals. Notice that gating signals 0<g n <1, correspond to the duty cycle applied to the upper-switch of the module. Furthermore, the estimated value can be corrected using a sliding mode corrector [START_REF] Bensaid | Sliding modes observer for multicell converters[END_REF], and voltage measurement of the whole arm. The observer proposed has as inputs the arm voltage v arm and arm current i arm , and a sliding mode corrector shown in (9).

vn = Estimate i arm • g n C + Sliding mode corrector λ • g n • sing       N ∑ n=1 g n • v n varm - N ∑ n=1 g n • vn       (9) 
The function sign in (9) returns either -1, 0, or 1. Furthermore, sign function is multiplied not only by λ but also by g n , ensuring that correction is only applied to modules used to calculate the error. The observer presented in (9) will converge more rapidly, when compared to the one of [START_REF] Nademi | Modular multilevel converter with an adaptive observer of capacitor voltages[END_REF] since the correction is only applied to module used to calculate the error.

Using Lyapunov theorem, the value of λ can be evaluated. Consider the observer error ṽn = v n -vn , n = 1, • • • , N whose dynamics is obtained by deriving the expression for vn from (1) and ( 9):

vn = vn -vn = -λ • g n • sing ( N ∑ n=1 g n • ṽn ) (10) Let v = [v 1 , • • • , v N ] T , v = [v 1 , • • • , vN ] T , s = v -v = ṽ = [ṽ 1 , • • • , ṽN ] T (11)
be an N dimension vector defining a surface s=0 and

V = 1 2 s T s (12)
be the Lyapunov function candidate. Then the time derivative of V in (12) is:

V = s T ṡ = -λ • g n • always ≥ 0 sing N ∑ n=1 g n • ṽn ≤ 0 (13)
Equation ( 13) guarantees stability and asymptotic convergence of the observer for any λ>0. Other criteria for choosing λ are determined by the discretized controller and by the system parameters. In the case of continuous system, corrections to estimate values are applied instantaneously. When discretized, controller correction is applied at the sampling rate, which can cause numerical oscillation around the final value, if λ is too big. On the other hand, choosing λ too small increases the required time for convergence. 1, the observer is used in open-loop; MMC controller uses the measure capacitor voltage. At 100 ms, the observer is turned ON, and it converges toward the measured capacitor voltage (Ref). For λ/10, it takes up to 200 ms to reach the reference. For λ×10, the measured voltage is reached in 2 ms, but with numerical oscillation. For λ, steady-state is achieved in 20 ms, without any oscillation. It is important to note that the relative error is within 5% for any In section III, optimal λ was found empirically using real-time simulation.

One of the drawbacks of the observer presented in ( 9) is that it needs a duty cycle to be applied to the module. In other words, the converter must be in controlled mode (CM). Therefore it wouldn't work during initialization of the converter, when capacitors are charged using the anti-parallel diode of the switch, or natural rectifying mode (NRM). This can be solved by modifying (9) to obtain the right behavior during NRM. When there is no pulse applied to either the upper or lower switches of the module, i a rm is forced through the anti-parallel diodes. A positive current will charge the capacitor through the anti-parallel diode of the upper switch. A negative current would polarize the lower switch anti-parallel diode, bypassing the module. This can be done by replacing g n by the following switching function:

g n = { g n During CM (i arm 0) During NRM (14) 
Using the switching function in ( 14) ensures proper behavior of the observer for every possible states of the converter. This will be further demonstrated through simulation in the next section.

III. SIMULATION RESULTS

Observer efficiency is demonstrated with OPAL-RT threephase MMC simulated using real-time simulation [START_REF] Li | An fpgabased real-time simulator for hil testing of modular multilevel converter controller[END_REF]. It uses 50 SM per half-arm or a total of 300 SM. Converter schematic is shown in fig. 2, and simulation parameters are given in table 1. The observer only needs a total of 6 measurements to estimate all 300 capacitor voltages. Since the main interest of this paper is the observer, control algorithm used for the converter are of little interest. The control algorithm proposed in [START_REF] Li | A modular multilevel converter pulse generation and capacitor voltage balance method optimized for fpga implementation[END_REF] was used during simulation. Implementing the proposed observer to a controller design by a third party not only demonstrates its reliability, its also shows its ease to be integrated to existing system. Finally, the observer is used in closed loop; which means that for each test, the MMC controller only receives values from the observer; capacitor voltages are measured only to validate the observer.

A. Initialization

Initialization is done in two steps. First, a charging resistor on the AC-side limits the in-rush current during the charging in natural rectifying mode (NRM). Once they are charged to the AC-side voltage, charging resistance is removed. Fig. 3 shows the observer behavior during initialization. In fig. 4,estimator precision varies at 50 Hz. When looking at a single SM capacitor voltage, it is observed that the error grows when duty cycle applied to the SM is low, which would explains why estimator precision varies at 50 Hz. As shown in fig. 5, when there is slow variation of the capacitor voltage, from 0 to 0.01 second, relative error between the estimated and measured value has increased. When duty-cycle is increased, relative error is immediately corrected and is then less than 0.05%.

In steady-state, relative error of the observer varies between 0.05% and 0.25%. Those results are obtained although capacitor dispersion of 5%.

C. Short-circuit fault

Even during very fast transient, the observer is proven to be most reliable. In this test, a short-circuit is applied between phase A and B at 0.095 second, and the fault is cleared after 5ms. Since the fault only lasts for a very short time, controller does not have time to react. Nonetheless, observer keeps working properly, as shown in fig. 6.

During transient relative error reaches 1.5% for 3 ms. Increasing λ, could increase the observer dynamic, and reduce the relative error. 

IV. CONCLUSION

In this paper, a new observer topology for MMC is proposed. Stability of the observer is proven using Lyapunov theorem in section II. Impact of λ is explained through simulation. Section III demonstrates that the proposed observer is highly reliable, capable to be used in close-loop from initialization, and even during very fast transients or faults. The proposed observer can easily be implemented to existing controller, as it was done in section III. Furthermore, the simplicity of the model makes the proposed algorithm adaptable not only for any number of SM, but also different types of SM, such as full-bridge or double-clamped SM. Modeling could also be improved further to take into account nonlinearity of the power switches.

  Fig. 1 a) shows the observer dynamic for three different λ, and fig. 1 b) shows their relative error with the measured value. In fig.
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 1 Fig. 1. a) Observer convergence for different λ and b) relative error for different λ.
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 3 ) shows all 300 measured and estimated capacitors voltage during the initialization. Current is limited by charging
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 2 Fig. 2. Model of the simulated converter showing one submodule.
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 3 Fig. 3. a) measured and estimated capacitor voltage b) and their relative error during during initialization.

Fig. 4 .

 4 Fig. 4. a) measured and estimated capacitor voltage b) and their relative error during steady-state operation.

Fig. 5 .

 5 Fig. 5. a) measured and estimated capacitor voltage for SM #1 b) and their relative error during steady-state.

Fig. 6 .

 6 Fig. 6. a) measured and estimated capacitor voltage for SM #1 b) and their relative error during fault.

978-1-5090-1210-7/16/$31.00 ©2016 IEEE

  

	2016 IEEE 8th International Power Electronics and Motion Control Conference (IPEMC-ECCE Asia)
	y
	978-1-5090-1210-7/16/$31.00 ©2016 IEEE

TABLE I

 I 

	SIMULATION PARAMETERS
	Power rating	200 MVA
	AC nominal voltage (V AC )	230kV @ 50Hz
	DC nominal voltage (V DC )	200kV
	Transformer ratio (T AC )	2.3:1
	AC line impedance (L AC )	2+j40Ω
	Charging impedance(R C )	250Ω
	DC line impedance (L DC )	100mH
	Arm inductance (L)	24mH
	Submodule capcitor (C)	3mF ±5%
	Submodule per half-arm	50
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