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Purpose

The paper deals with the exact computation of the jacobian of a time criteria from a numerical simulation of power electronics structures, for the sizing by gradient-based optimization algorithm.

Design/methodology/approach -Runge Kutta 44 is used to solve the state equations. The generic approach combines numerical and symbolic approaches. The modelling of the static converter is based on ideal switches.

Finding -The paper extends the state equations to derivate any state variable according a sizing parameter. The integral expressions used for some sizing performances (e.g. average or rms values) mix symbolic and numerical approaches. Choices are made for the derivatives of the extrema of which the search is not a continuous process. The use of an object-oriented implementation allows to have generic formulation of some design performances.

Research limitations/implications -The paper aims to propose and to test formulations of sizing criteria and their gradients; so, the modelling of the study case is carried out manually. Due to generic modelling approach used for the power electronics, the model is not completely continuous. So, the derivatives according some parameters (e.g. switch controls) must be carried out by finite differences. However, as the global behavior is continuous, it is not critical.

Originality/value -The approach proposes formulations giving a numerical sizing dynamic model with a jacobian computed, if possible, by an exact derivation useful for optimization studies. The approach gives fast simulation and fast computation of the derivatives by combining numerical and analytical approaches.

Practical implications -The proposed formulations can be easily applied on simple static converter applications. For applications with large state equations, it should be possible to use the basic model of switches used in simulation tools of power electronics. The solving process and the sizing criteria formulation (with their derivatives) are generic and can be instantiate for any study.

I. Introduction

For the design of power electronics structures, symbolic approaches are limited to small structures with a priori on the operating mode (Bath et al. 1995). The use of time simulation tools (e.g. PSPice, Simplorer, Psim, Saber, Portunus, etc.) is a generic solution for the sizing by optimisation with stochastic algorithms [START_REF] Roboam | More Electricity in the Air: Toward Optimized Electrical Networks Embedded in More-Electrical Aircraft[END_REF]. However, this may be very time consuming and it is mainly adapted for applications with few constraints. Else, the use of gradient-based optimisation is better but this requires finite differences to compute the gradients [START_REF] Etayo | Optimization of parallelized power inverters using a direct modelling approach for More Electrical Aircraft[END_REF]. Even if finite differences on simulation tools is a simple way to obtain the derivatives of some sizing criteria (rms values, average values and extrema) according to the parameters of the circuit component; their quality may create optimisation convergence problems and they are time consuming.

Code derivation is possible [START_REF] Wojtusch | MBSlib-An Efficient Multibody Systems Library for Kinematics and Dynamics Simulation, Optimization and Sensitivity Analysis[END_REF]. It could be implemented for the dynamic simulation of power electronics. However, generally, if a mathematical alternative exists, it should be preferred.In this way, the paper proposes to use a numerical integration of the state equations and to use the mathematical properties of state equations to obtain the derivatives of any state variable or output variable (in the sense of state system representation) according to the sizing parameters of the studied application. From these variables, sizing criteria can be obtained. In the context of power electronics applications, the use of such an approach establishes some questions. Which model to use for the switches? Is the model entirely derivable? How to deduce performances from the state variables, and their gradients? How to deals with discontinuous formulations? ?

First, in the context of power electronics, the paper presents a way to obtain the exact gradients of the state variables with respect to the sizing parameters, by extending the state equations and their numerical solving.

Second, it presents the modelling choice for the static converters. Third, it details the computation of some sizing criteria and their gradients, trying to have an exact derivation way. Fourth, implementation aspects are presented.

Fifth, the approach is applied on a simple electrical drive in the context of sizing by optimisation (SQP), with only results dealing with the gradient computation performances.

II. Modelling to deal with state equation and their derivatives

In the paper, as the modelling level used for the power electronics deals with linear state equations, the paper focuses only on such state equations. However, the approach is applicable to non-linear state equations (the difference being only on the expressions of the derivatives).

II.1. State equation

The state equation of any application can be written as::

      ( ) ( ) , dX t A P X t B P u P t dt     (1) 
where:

 t : the time,  X : the state vector,   , 1..

i P P P i n 
is the sizing parameter vector, u is the expression of the state inputs (e.g.: the sources of the electronic circuit).

A and B depend directly on   , 1..

i P P P i n .
Equation (1) can be extended to give the derivatives of the state system with respect to any sizing parameter 1..
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of the sizing model [START_REF] Fischer | From the electronic circuit to the simulation component : an automatic component building process[END_REF], [START_REF] Sengupta | Efficient gradient computation for dynamical models[END_REF]: 
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A new state system can be obtained: 

              1 1 1 ( ) 0 0 0 0 0 ( ) ( ) 0 0 0 0 ... ... ... 0 ( ) 0 0 0 ( ) 0 0 ( ) 0 0 ... 0 0 0 ( ) 0 ... ... ( ) 0 0 0 0 ( ) P P i i i n n X t
                                                                           1 1 , ( ) 0 0 0 0 0 , ( ) ( ) 0 0 0 0 ... ... 0 ( ) 0 0 0 ( ) , 0 0 
                                                                                                 (3)
Due the block diagonal of the extended matrix made of A (equation (3)), the dynamic of the system stays the one given by A . So, the same simulation time step can be used for both equations (1) and (3).

II.2. Derivatives with respect to the outputs of the state equations

As X depends only on P and t , an output vector Y can be deduced from X and u , using:

      ( ) , ( ) , Y t C P X P t D P u P t     (4)
From, this, Y can be easily derivated according to , 1.. 
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However, it is better. to compute only the variables necessary for the sizing. So, for each selected component of X and Y , a symbolic expression can be obtained, often very smaller for equations (1) and (3).

So, the gradients can be obtained with simpler equations that the general equations (3) and (5).

II.3. Numerical solving of the state equations

II.3.1. Runge Kutta 44

Here, Runge Kutta 44 is chosen with adaptive time step. This offers a good compromise between accuracy and simulation times, without the limit of symbolic solving that is limited to small equations. The use of adaptive time step allows to decrease the simulation time while keeping a good accuracy (see section II.3.2.).

To understand the implementation of the approach presented below, it is important to recall some implementation characteristics of this well known method [START_REF] Press | Numerical Recipes in C, The Art of Scientific Computing[END_REF]. This method uses a 4th-order formula that evaluates the time derivatives (equation ( 1)) four times (named minor steps) per time step (named major step), as shown in figure 1 . In numerous simulation software tools (FMI, 2021), such a method is implemented respecting a process similar to the one of figure 2 used in [START_REF] Simulink | Simulink Engine Interaction with C S-Functions[END_REF]. ) ). If an adaptive step is used, the new major step value is estimated ("timeStepManagement" in figure 2). After, Runge Kutta 44 is applied, using four calls to the time derivatives of the state vector ("computeTimeDerivatives" in figure 2).
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II.3.2. Event management

Many discrete events exist in power electronics circuits. It is important to simulate correctly them to have a good compromise between computation time and accuracy. It is also interesting to stop the simulation on a design criterion (e.g.: at a reached steady state) and to use events for the computation of the sizing criteria during the simulation (see section III).

The best way for fast simulations, is to adapt the simulation step (major step) according to the events of the simulation and the dynamic of the state systems. Figure 3 shows an example of the solving differences between the fixed and adative time step for the simulation of a simple clock.

update Both fixed and adaptive time steps are implemented in our approach. The adaptive time step is managed using prediction of events [START_REF] Normand | Use of simulation in failure detection and diagnosis of an electromechanical system[END_REF], that combines zero-crossing approach [START_REF] Simulink | Simulink Engine Interaction with C S-Functions[END_REF] with event managements (like in figure 3b).
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To transform zero-crossing events into a date to reach, the approach uses a tangent method to extrapolate the time where a variable should reach a desired value. If the time derivatives are not available, finite differences from the previous step are used, as shown in figure 4. As seen, such a process is generic. At each major time step of RK44, the time to reach has to be refresh. Closer the variable is from the value to reach, better the time to reach is extrapolated. For the design of electrical drives, two simple models of the switches can be used [START_REF] Kassakian | Simulating power electronics systems -a new approach[END_REF].

In update (illustration of the principle of the zero crossing for test i<0

III.1.1. Ideal switch on/off

A switch is represented like in figure 5 [START_REF] Burdio | A time-domain simulator for power electronic converters based on discrete-time modeling of switches[END_REF], [START_REF] Tourkhani | A variable-topology simulation tool for switchmode power supplies[END_REF], [START_REF] Merdassi | Automatic Generation of Average Models for Power Electronics Systems in VHDL-AMS and Modelica Modelling Languages[END_REF].

C i v v i State on v>0 i<0 State on State off C C (i.e. C=0) (i.e. C=1) 0 v  0 i  State off 0 v  0 i  Figure 5: ideal switch on/off
Such a model allows to obtain a simple and reduced state equation for each state (configuration) of the static converter. However, a state equation has to be defined for each available state of the static converter. So, it is difficult to apply such a modelling if there are numerous available configurations.

Furthermore, the management of the switching tests can be delicate when there are soft switching. Indeed, some turning off of some switches depends on the other turning on other switches and vice versa; some voltage may become floating. Indeed, some parts of the circuit may disappear according the switch states which may create difficulties to test the changes of configuration (creating dependences between the switching of several switches, e.g. in switching cells).

Average modelling is also possible from such a representation, but it is very problematic with soft switchings or big power electronics structures.

However, for simple structure, this ideal model uses simple switching tests, and the equations are very simple.

III.1.2. Binary resistance ron/Roff

A switch is represented like in figure 6, by a resistor (and possibly with a voltage drop) which resistance changes according the state of the switch [START_REF] Bordry | Computer-aided analysis of power-electronic systems[END_REF].

Here, the circuit state equation is unique (whatever the states of the switches are) but bigger than the state equations with the on/off model. It has artificial time constants due to the value of the switch resistances. These time constants may disrupt the solving process (the time step). The switching tests of the switches are independent, so easy to formulate. This modelling is generally the basic modelling in power electronics simulation tools (PSpice, Psim, Saber, Portunus, Simplorer…). This representation is better for big structures. In the paper, the application case being simple (three available configurations, see section IV), the ideal on/off model is used.

III.2. Time sizing criteria

In a power electronics structure, performances can be obtained from time simulation. The paper focuses only on time performances, so, EMC performances that require a frequency model are note discussed. Among the time performances, the following criteria can be calculated:

-average values (integrals)

-rms values (integrals)

-extrema (tests)

-powers (integrals)

-losses (conduction, switching) (integrals or sums)

Excepted for extrema, their computation requires a simulation at steady state. In this case, their computation needs to be carried out on an integer number (at less one) of reference periods of the circuit. This reference period is often the operating period of the static converter: T .

III.2.1. Performances based on integrals

The expressions of the average values, rms values and powers contain an integral. For example, the average value of ( , ) In the same way, it is easy to obtain any power, by applying the average value expression to the product of two variables.

z P t is: 0 0 1 ( , )
For the integrals, in both the performance expressions and their derivatives, the trapeze method is used, with an integration step equal to the major step of Runge Kutta 44, in the last operating periods of the time simulation, during the time simulation.

III.2.2. Extrema

The process to find the extrema of a variable in a simulation is not continuous, because it uses tests and temporary variables. However, in the paper, the extremum of a variable is searched during the time simulation, by default on the last operating period, at steady state. The derivative of the extremum with respect to a sizing parameter 1..

P in P 
is the derivative of the variable with respect to the parameters 1..

P in P 
at the date where the variable reaches its extremum, as it is carried out by some automatic code differentiation [START_REF] Hascoët | The Tapenade Automatic Differentiation Tool: Principles, Model, and Specification[END_REF].

III.2.3. Implementation in the solving process

In the solving process with Runge Kutta 44, the computation of the sizing performances are carried out on the last period of the simulation, at steady state. In this way, the management of the events is used to activate the computation of the performances at the last operating period before the end of the simulation. So, the design outputs are computed at the same time than the state variables, but only during the last period of the simulation (see figure 7). This allows to store no simulation values.

In addition, in the initialization part of the simulation process, the computation of the sizing criteria to compute have to be initialized. 

III.2.4. Stead state

However, as said before, such performances need a steady state to be computed. The best way is to have an automatic detection of the steady state that activates the computation of the design output on the last operating period of the static converter and then that stops the simulation. For power electronics, such a detection is not easy [START_REF] Maranesi | Computer-aided design of HF converters: new needs, new tools[END_REF], mainly because the switching sequence is not defined a priori and the variables to check may be chopped. The aim of the paper being mainly to propose formulations for the model jacobian than defining a real simulation software, such a detection has not yet been implemented.

III.2.5. Use of finite differences

Some derivation problems appear for the derivatives according control variables, e.g. the duty cycle of a static converter. For simple choppers (buck, boost, flyback…), analytical expressions can be defined for the sizing criteria, and so the derivation is easy (Bath, 1990). When simulations are used, the modelling according such parameters becomes discontinuous. Indeed, in the modelling, due to the use of numerical time solving, control variables (e.g. duty cycles) may appear in tests (e.g. by using if or while loops). Even if some modelling gives continuous expressions according control variable; here, the way to write the model for dynamic simulation is discontinuous according them. The paper proposes to use finite differences in this case. In fact, it is easy to observe by several simulations that static converters have generally a continuous behaviour according their duty-cycles.. This is a limit of the approach.

III.3. Implementation

By respecting the simulation process presented in figure 7, an object-oriented programming has been carried out, allowing to separate:

 generic aspects (time solving method, time management, event management, methods for the computation of the sizing outputs and their gradients…), that are implemented in specific classes with the methods for the solving and the gradients  specific aspects of a problem (the state equations of the power electronics circuit, the modelling of the control, the state changes of the switches (however generic)).

This also allows to profit of the concept of inheritance in programming.

Java programming is used. This allows to use optimisation framework compatible with Java e.g.: Matlab (Fmincon), CADES [START_REF] Delinchant | An Optimizer using the Software Component Paradigm for the Optimization of Engineering Systems[END_REF]...

IV. Electrical drive application

IV.1. Study case

The approach is illustrated with a simple static converter feeding a synchronous machine (see Figure 8).

The machine is represented by a complex model based on Maxwell's equations (not presented here), which can give a simple RLE circuit representation according the sizing parameters [START_REF] Diarra | Sizing by SQP optimisation of an electrical drive: application to a commuted capacitor driven synchronous machine application[END_REF]. This last circuit model is used for the electrical drive model representing the power electronics and the control (aim of the paper).

The control angle (or duty-cycle) that controls the switches, impacts the operating modes of the static converter, as shown in figure 9. In this way, according to the switch states, three configurations (corresponding to three state equations) appear in the various operating modes of the static converter, maybe several time per operating period and according different sequences.

There are soft switchings, so, is very important. The change of state equation according time is managed by the generic switching tests presented in section III.1. and the zero-crossing approach presented in section II.3.2..

In the proposed approach, the only specific aspect to define for an application is the model (state equations) of the power electronics part and its control. As the paper aims to present and validate the approach, this aspect has been manually carried out and implemented. Maple software tool has been used for the derivatives of the state equations and their translation into Java. To use of another machine, the machine sizing model has only to compute the RLE circuit parameter to be connected with the circuit model. The steady state is obtained after few operating periods for the sizing parameter values used in the optimisation. So, for the specifications of the sizing problem, simulations that last 40 operating periods, have always given a steady state for the application during the optimisation process.

The currents and voltages have been compared to results from PSIM. The derivatives for the design have been compared to derivative obtained by finite differences. For all these aspects, the results are very similar;

differences lower than 1/1000 for the variables and about 1/100 for the gradients compared to finite differences.

The computation times without data saving (used only to check the simulation), is about some seconds, including the computation of the gradients.

IV.2. Optimisation

The paper does not detail optimisation results, because the paper focuses more on the derivatives of the time sizing criteria useful for sensitive analysis or sizing by optimisation than on the optimisation itself. For such an application, an optimisation is interesting with a complex model of the machine coupled to the static converter model previously presented. This has been carried out, with a machine model based on Maxwell equations, included core losses. The sizing constraints are mainly on the machine, but also the control angle, the power in the load resistor, the maximum value of capacitor voltage, the rms value of the stator current.

For a global model having 9 inputs and 13 outputs, a design by SQP optimisation lasts about 1 minute on a laptop (Windows 10, core i5@2.6GHz, 4Go Ram). The sizing of this application and the machine model are detailed in [START_REF] Diarra | Sizing by SQP optimisation of an electrical drive: application to a commuted capacitor driven synchronous machine application[END_REF]. The computation of a Pareto front (figure 10) lasts less than a quarter of hour. 

CONCLUSIONS

The paper focuses on a a way to include time criteria in the sizing by optimisation of power electronics structures, by using time simulation with the more exact possible jacobian. To test the approach, only the modelling of the power electronics structure is manually made here, as the derivatives of the state equations (using partially Maple for derivation and Java code generation). The solving process and the sizing criteria with their derivatives are implemented to be re-used for any applications. So, the paper proposes a real solution for dynamic model, limiting the use of finite differences for the gradients. The made prototype shows a good accuracy of the modelling and the gradient formulation.

In future works, an aid at the establishing of the state variables and its derivatives should be useful [START_REF] Webster | Computer-based symbolic circuit analysis and simulation[END_REF]) [START_REF] Merdassi | Automatic Generation of Average Models for Power Electronics Systems in VHDL-AMS and Modelica Modelling Languages[END_REF], using the basic ron/Roff ideal model (only one state equation, simple switching tests). The steady state should be automatically detected to be more generic.
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