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Abstract
The modeling and simulation of motion control system is a known and proven method. The modeling and simulation of power electronics is gaining more attention. For power electronics and motion control industries, various modeling and simulation packages are available. The integration of modeling and simulation for both motion control and power electronics into one package is not so wide spread.

This paper will focus on modeling for motion control, which can be combined with a model of the power electronics. The combined multilevel model can be used for simulation in a multilevel simulation package.

The possibility of various models common to motion control are discussed, ranging from models describing mechanical loads, as well as models describing the control components, such as 2/3 phase and 3/2 phase transformations, park transformations and rotating frames of reference. These motion control blocks can be combined with an electrical circuit model of the power electronics components.

The user has the possibility to define his own motion control models in a high-level programming or a block-diagram, enabling him to model, for example, a field oriented controller or controls for application specific drives such as, fans, pumps and automotive applications.

1
Introduction
Building a power converter and performing measurements is an expensive and time-consuming activity. Developing a model of the power converter and performing simulations is an easier task. Especially during the design of a power converter, simulation can be a valuable tool.

Modeling and simulation of a power converter requires special tools. In [Duijsen, 1994] the multilevel modeling and simulation package CASPOC is described, which is especially developed for the modeling and simulation of power electronics and drive systems. Use is made of a multilevel model, which includes a circuit model for the power electronics, a block-diagram model for analog controllers or components and a modeling language for digital controllers.

Problem
The main problem in the modeling and simulation of motion control systems are the different models for the various components in the motion control system.

 - Mechanical load


The mechanical load can mostly be described by a set of state space equations

 - Control


A block-diagram or a programming language mostly describes an analog or digital controller. Field oriented controllers can be modeled by a block-diagram, but because of the complexity of the model, a programming language is better suited.

 - Power electronics


The model of an power electronics circuit has to include at least the system behavior. Details about component behavior are less important when analyzing the motion control. However the time-delays caused by the modulation process in the power electronics circuit influence the overall behavior of the motion control. Therefore the model of the power electronics should at least include ideal models for power semiconductor switches.

The time constants associated with the mechanical load vary from tenths of seconds to minutes. The time constants of a control can be microseconds, but the time constants in a power electronics circuit are mostly shorter than microseconds. In order to simulate an entire drive system, the time step in the simulation has to be small enough to sample the functioning of the power electronics circuit. The number of calculations defines the computation time, which is roughly given by the division of the total simulation time and the smallest time step used in the simulation. For a general drive system, millions of time steps are necessary to calculate one second of simulation time. 

2
Power Conversion System
A PCS denotes a system with the following interacting elements as sub-systems:

  •
Electronic power converter, including active and passive electrical components.

  •
Electrical or mechanical source.

  •
Electrical or mechanical load.

  •
Filter or transmission line.

  •
Controller.

The load and source are not really part of the PCS, but have to be incorporated in the modeling process to describe the interaction between the PCS and his surrounding. In the following also the load and source will be considered as part of the PCS.

[image: image1.wmf]
1Figure 1 :
Power Conversion System.

Figure 1 shows the interaction between the various elements of the PCS. There is energy transfer between the source and load via the electronic power conversion circuit and the filters or transmission line. In case of regeneration the energy flow is from load to source. The controller may obtain information from the source, power electronic conversion circuit, filters and load, but can only influence the electronic power conversion circuit.

3
Modeling
For analysis, the PCS has to be represented by a model that is accurate enough to replace it for the simulation. This model is translated into a mathematical model, which is used for simulation. The structure of the equations is complex because of the various elements, their components and interconnections between the components.

The function of the PCS is to convert energy, which is in the first place electric energy, but can also be related to mechanical or chemical quantities. Not only the conversion of energy has to be modeled, but also the control of this conversion has to modeled. At this point the diversity of the models of the elements becomes clearer. The modeling includes both the modeling of the conversion of energy and the modeling of the flow of information, which is used to perform the conversion. Modeling is the description in mathematical relations of the properties of physical components and components used for processing information.

The PCS consists of various elements, which require different mathematical models. The models for the electric power conversion circuit differ from the models for the filter elements, load, source, and control or regulator circuitry. For the different types of models there exist a preferable method for modeling and simulation. The method used for the analysis of the electric circuit differs from the method for the analysis of non-electrical elements. Because of the interconnections between components in an electric circuit, acausal mathematical relations are used. A causal mathematical model can in most cases describe control circuitry.

The semiconductor switches introduce the main problem. They increase considerably the complexity of the mathematical model. If the circuit is described as a piece-wise linear circuit, time- and state events are introduced in the simulation.

4
Mixed versus Multilevel
The combination of circuit models and models for dynamic systems is reported for various simulation programs. The different methods are:

Behavioral equations
Instead of describing models of dynamic systems by a circuitmodel, a behavioral equation can be included in the model description. The behavioral equation is modeled by a non-linear circuit element. An increase of the number of behavioral equations implies an increase of the number of nodes of the circuit model. Therefore the overall simulation time increases proportional with the square of the number of nodes.

Mixed signal
A mixed signal simulation combines an analog circuit simulation with a digital circuit simulation. The time steps of both the circuit and the digital simulator are synchronized

Mixed level
In a mixed level simulation, models with a different level of abstraction can be combined. For example, one model describes a PI controller using an integration block, while a second model describes the voltage-torque relation of an induction machine using only one multiplier. The models are on a different level, but implemented using the same mathematical relations.

Multilevel
A multilevel model consists of various models for each level and different mathematical models. For each level of abstraction the most efficient mathematical model is chosen. The combination of the different mathematical models is finally called a multilevel model. The advantages in modeling effort and simulation speed are discussed in the next sections.

5
Elements of the PCS 
The PCS consists of several elements. These elements have different models. 

  •
The electric power conversion circuit is used for electrical energy conversion. The model is defined in terms of voltage, current and time.

  •
The load and source can also include an interface from electrical to non-electrical components. The model can be defined by electrical, mechanical or chemical quantities.

  •
The control of the PCS measures electrical quantities in the electric power conversion circuit, and non-electrical quantities at the load and source. These sensed quantities are modeled on basis of signal processing. The control is therefore modeled as a causal system thar has input-output relations.

5.1
Power converter
The power conversion circuit is built from electric components, which can be divided into three groups, the passive components, active components, or a combination of both active and passive components.

Passive components
Passive components can dissipate or store energy. They can not generate electrical energy. The passive components are mainly inductors, capacitors, resistors and ideal switches. Inductors and capacitors are also referred to as independent storage elements. The capacitor voltage and inductor current are a natural selection for state variables.

Active components
Active components can produce energy. Voltage and current sources are active components.

Combination of active and passive components
Active and passive components can be combined into a circuit model for a specific component. A combination of controlled active components and passive components is possible such that the combination can not produce energy, but only store or dissipate it. Such a circuit model is still referred to as active model, since it includes active components.

The semiconductor switches in the PCS can be considered either active or passive. 

Passive switch model
The passive model of a semiconductor switch is more appropriate for modeling. Here the switching function is defined as being an ideal switch with only two states: on or off. In practice this is realized by

  •
On state :


mathematical relation defining us=0. The power dissipation during the on state is equal to zero.

  •
Off state :


mathematical relation defining is=0. The power dissipation during the off state is equal to zero.

Active switch model
The active model of a semiconductor switch can be more detailed than the passive model, since it can include more components and mathematical relations. The active model describes the relations between the voltage over and current through the device.

5.2
Source, load, filters
The power conversion circuit is coupled to a source and a load. Filters can be placed between the power conversion circuit and the source or load. The filters are made from electrical components, so their behavior can be modeled in electrical quantities. 

The load and source are the interfaces between the electrical and other physical quantities. The load or source can be described by electrical, mechanical or chemical quantities. If the source or load is considered as being the main grid, their behavior is modeled by electrical quantities. The main grid and filters are modeled by electric circuit components. Models containing electrical and mechanical quantities are divided over a an electrical circuit model and a model describing the mechanical behavior.

5.3
Control
The control in the PCS is achieved by two control loops, see figure 2.

  1
Inner control loop

The inner control loop regulates the process of electrical power conversion inside the electrical power conversion circuit. The main function of the inner control loop is to maintain a safe and stable operation inside the electrical power conversion circuit under all operating conditions. It is achieved by controlling the switches. This includes for example the regulation of the capacitor voltage in a resonant converter or the transformation of d-q vectors to the operation of the six switches in an inverter.

  2
Outer control loop

The outer control loop regulates the external waveforms at both sides of the electric power conversion circuit. The main function of the outer loop control is to control the flow of energy. Sensing the conditions in the load, source, filters and the electric power conversion circuit and sending control information to the inner control loop does this. An example of an outer control loop is the regulation of the voltage level of a voltage source inverter induction machine combination during the start of the induction machine.

[image: image2.wmf]
Figure 2 :
Inner and outer control loops.

Analog or digital circuits implement the function of the control. Mathematical relations can model an analog circuit. For a digital circuit, an algorithm describing the functions of the control circuit can be more suitable.

Analog control functions
Analog functions are modeled by a set of equations. An example is the duty cycle control in a buck converter. The control itself, build from analog components can include parasitic components. These parasitic components influence the behavior of the controller, for example slew rates and saturation of amplifiers, or delay times caused by transmission lines.

Digital control functions
An algorithm can model digital control functions. The algorithm is used for the control of the PCS and, in special cases, it can directly be included in a simulation. This enables debugging of the control algorithm during simulation and directly applying the debugged control in a PCS, see figure 3 [Duijsen, 1991].
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Figure 3 :
Control algorithm used in the PCS and debugged with the simulation

6
Mathematical models
Each element of the PCS requires a model that describes it efficiently. Therefore for each element a different mathematical model can be applied. All mathematical models should be suitable for simulation. The different mathematical models have to be combined into one mathematical model. Therefore the interface between the different mathematical models has to be defined. This is achieved by defining relations between components in different elements.

  •
Interfacing to the electric circuit.


Controllable voltage and current sources in the electric circuit can do the interface towards the electric circuit. Also the gate signals for switching devices are part of this interface.

  •
Interfacing from the electric circuit.


Measuring voltage and current in the electric circuit does the interface from the electric circuit towards other elements.

  •
Interfacing between the control and circuit.


Monitoring the value of the variables in the different elements does the interface to the control.


The interface from the control is equal to the interface to the circuit.

6.1
Electric circuit mathematical models
In general, the mathematical model per component in the electric circuit can be described by a Differential Algebraic Equation; DAE:
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where the vector x(t) contains the state variables and y(t) the other variables. Because of the interconnections between the components in the circuit, the mathematical relations in (1) are acausal. The interconnections of the components are done at the nodes.

Linear mathematical models
Linear mathematical models are suitable for modeling the majority of power conversion circuits, like DC to DC converters, rectifiers and inverters. Linear mathematical models can be defined for a voltage or current source, resistor, inductor, capacitor.

Non-linear mathematical models
More detailed mathematical models are made by using the non-linear and sometimes acausal mathematical relations describing the component.

  •
Semiconductor devices

Various mathematical models describing semiconductor devices exist. Depending on the purpose of the simulation the mathematical model is ideal or detailed. For motion analysis an ideal model is satisfactory, since only the overall dynamic behavior has to be simulated.

  •
Machine models

Models of electrical machines include an electrical and mechanical part. The electrical part is dependent on the position or angular frequency of the rotor in the machine. Because of saturation of the inductance in the machine, non-linear mathematical relations are necessary for modeling.

6.2
Source, load and filter
The electric filters of the PCS are modeled by circuit components. The main grid includes transmission lines, which behave as a filter. These transmission lines are modeled by electric components. A higher order model can also describe the mathematical model for transmission lines. The source or the load can also be represented by a combination of components that are connected to the electric circuit and non-electric components. An example is the bakc-emf generated which is proportional to the rotor speed for DC machine.

The most common source or load is an electrical machine, which is connected to the electric circuit and to a mechanical load, the rotor shaft.
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Figure 4 :
Acausal relation for u and i, causal relation for Te and (, for the connection of an electrical machine model to the electric circuit and mechanical system.

Generally acausal mathematical relations describe the voltage-current relations of components. Causal mathematical describe the electric torque (Te), speed (() relation. Because of the causality an explicit integration formula between Te and ( can be used. Therefore, the electrical part of the machine has to be described in an electric circuit model (allowing acausal mathematical relations) and the mechanical part can be described in a block-diagram (restricted to causal mathematical relations), see figure 4.

6.3
Control 
The control or regulator function is a typical signal flow process. Inputs of the system are measured quantities from the electric power conversion circuit, load, source and the user of the PCS. The output of the controller or regulator controls the semiconductor switches in the electrical power conversion circuit. The control or regulator is built with analog or digital components, or a combination of both.

The analog components are electrical circuit components with voltage and current relations. Together they perform an analog function in the control. A block-diagram is more suited for describing analog control functions than modeling the control circuitry by circuit elements.

Example
In a PI controller, the number of circuit elements to built this PI controller is more complex than one function block describing the PI function by an input-output relation, given by:
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In a block-diagram one integrator, 2 multiplication and one addition block are necessary to model (2), see figure 5.

The calculation effort is limited to three multiplications and two additions per time step if Forward-Euler for the numerical integration is applied. Using a circuit model, an operational amplifier plus a number of passive elements are required The number of nodes in the circuit model is dependent on the accuracy of the model for the operational amplifier. If Modified Nodal Analysis is used, the simulation of the circuit model equals the third power of the number of nodes in the circuit model, [Schwarz, 1987], which is considerably higher than the three multiplications and two additions needed for the block-diagram to model a PI controller.
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Figure 5:
PI controller modeled in a block-diagram.

The digital components in combination with A/D converters provide a control or regulation on basis of an algorithm. If the algorithm represents an analog function the block diagram can model it. Time delays have to be added to the block diagram to model the computing time of the algorithm. The algorithm itself is already a model that can be used. If the algorithm is compiled, the source code can be used during the simulation see figure 3.

7
Simulation
Simulation is numerically calculating time responses with the mathematical model. Because of the diversity of the mathematical models different numerical methods should be applied during simulation.

The multilevel model consists of the following mathematical models:

  •
MNA
Modified Nodal Analysis

  •
ODE
Block-diagram ( Ordinary



Differential Equations ) 

  •
ML
Modeling Language

These mathematical models are combined into one DAE. For the DAE only one numerical method has to be used. For stability reasopns an implicit numerical integration method has to be combined with a Newton-Raphson method. A more detailed describtion of mathematical models is given in [Duijsen, 1996].

Solution
The simulation has to be fast. Most of the calculation effort is spent on the calculation of the power electronics circuit. Using ideal models for the power semiconductor switches, a high simulation speed can be achieved. Important are the generated harmonics that occur because of a modulation process. Commutation times and commutation failures can be simulated using the ideal models.

Accuracy is always important. However one can argue about the order of accuracy. Parameters are known with deviations of more than 5%. A parameter sweep during the simulation can reveal more information about the dynamic behavior than one simulation with all parameters fixed. It's obvious that the accuracy of the calculation, consisting of a truncation and a discretization error, should be as low as possible. Using double precision, the truncation error is mostly negligible. The discretization error depends on the size of the time step. Therefore the timestep has to be chosen carefully and well below the system time constants. As a rule of thumb, choose at least ten time steps per shortest time interval or period.

Stability of the simulation is determined by the stability of the numerical integration method. For circuit analysis an implicit numerical integration such as trapezoidal or gear [Schwarz, 1987] can be chosen. For the block-diagram and the modeling language models, explicit numerical integration methods are more common.

Application
Multilevel modeling and simulation is applicable to each type of drive containing a power electronic circuit, electrical machine, analog or digital control and the mechanical load. The availability of ready to use models of various drive components, such as machine models, Park and phase transformation blocks and models describing mechanical loads reduce modeling time and effort.

For the multilevel modeling and simulation package CASPOC [Duijsen, 1994], a motion analysis library is developed. The library contains basic examples of drive systems and is mainly intended for educational purpose. It includes basic examples of mechanical loads, such as two mass systems, belt drives, gears and mixed translational/rotational systems. Machine models for induction machines and DC-machines are preprogrammed and can therefore easily be adapted in the simulation. Ready models include Park and Clark transformations to build field oriented control for IM machine drives. Various examples of drives for IM and DC-machines are given, combined with control systems.

8
Conclusions
Multilevel modeling and simulation for motion control analysis can be an efficient tool when applied correctly. The main purpose is to investigate the overall dynamic behavior of the motion control system, without getting lost into details originating from complex models describing the motion control system. Behavioral modeling for controls and ideal models for power electronics are required to set up a multilevel model of a motion system, which leads to short simulation times but still includes the overall motion control system performance.

Modeling and simulation of motion control systems can fail if the modeling tool is not especially designed for the modeling of motion control systems. Availability of ready to use models can enhance the efficiency during modeling. In the paper the combined modeling and simulation of all elements of a motion control system is discussed.
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