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1 Executive Summary
The real-time simulation of complex systems is becoming a fundamental tool for the development of
new energy systems. This project focused on achieving high performance computation for power system simulation with the goal of creating a flexible platform able to incorporate power electronics devices. The team of researchers from the Institutes for Automation of Complex Power Systems (ACS) and
Power Generation and Storage Systems (PGS) approached the problem both from a hardware and a
software side coming to propose a completely new and comprehensive platform.
From the hardware perspective the idea of a cluster based on a mix of DSPs and FPGAs is proposed.
Such a solution allows the combination of distributed computing and intensive local calculation. A
complete realization of such a HW structure is now available at ACS equipped with 20 parallelized
boards.
From the software view, a new simulation method, tailored for real-time application, has been developed and implemented. The method is now available as an extension of the Virtual Test Bed platform
so that it can be used and expanded in the future.
The simulation of large wind farms has been selected as demonstration case and coherently a library
of simulation models has been developed and tested.
A custom simulation block allows also the integration of this platform with the RTDS platform already
available at ACS. As result, even more complex scenarios of study can be performed such as the impact of a wind farm on a large national grid.
In the future, the platform could be used also for other types of scenarios such as the real-time simulation of multi-energy city quarters by simply expanding the library.
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2 Introduction
2.1

Goals of the Project

The goal of this project was to develop the hardware and software infrastructure which allows the realtime simulation of large wind farms, with particular reference to offshore wind farms. We included significant details in the model of the individual wind turbine to make the system highly reliable, from the
turbine down to the switching converter. To achieve such a model complexity, we exploited extensive
parallel processing capabilities. We developed a DSP cluster and a new parallel simulation method.
The whole real-time wind farm simulator can be connected to RTDS with a simple connecting model
representing an HVDC link. With this approach, the infrastructure developed in this project may be
used for the simulation of any other distributed energy source.
It should be underlined that the activities described in this report show the comprehensive results of
the research performed in this project funded by the E.ON ERC gGmbH and in a correspondent project funded by the US Office of Naval Research at ACS. This synergy allowed us to reach results that
go beyond the initial expectations realizing a completely new platform both from the HW and SW perspective for the real-time analysis of complex and distributed power systems.

2.2

State of the Art

The realization of sustainable energy is currently expected to leverage on the exploitation of renewable sources and on the optimal use of available energy, moment by moment. The practical implementation of these two concepts requires significant developments and changes in the equipment and operation of power systems, at transmission level as well as at distribution level. These changes will affect the processes of energy conversion, monitoring and control.
The global effect of these changes can be summarized as increased complexity. In fact, on one hand,
partly unexpected variability of some of the sources and coordination according to local objectives and
knowledge results in weakening the ability of central control to gain awareness of the current state and
to lead the system to the desired operating point.
In this complex scenario, the design of each part becomes a challenge because of the interactions
and the dimensions of the problem. In first place, the impact of the individual element on the system
cannot be inferred with analytical methods but numerical simulation is necessary. In second place, this
numerical simulation must use dynamic models, accommodate multi-physics multi-domain systems
and allow real-time execution to support Hardware In the Loop (HIL) testing. Real-time simulation is a
fundamental tool to allow simulation-based design of power electronic converters. Together with
Hardware In the Loop and Power Hardware In the Loop (PHIL) techniques it can drastically reduce the
time to market of a new product decreasing also costs and risks. A hardware platform for real-time
simulation of power electronics based systems has to offer parallel execution with high computational
capability, fast and low-latency communication between processors and dedicated I/O interfaces to
handle analog and digital signals.
The wind farm simulator is structured in modular clusters composed of computation and interface
boards. Each computation board holds one high-performance DSP and a programmable logic device
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for calculation and I/O co-processing. Interface boards offer analog and digital inputs and outputs for
HIL connections. The boards are connected by a backplane system which offers ultra-low latency
communication between all components. The backplane system additionally provides connectivity to
allow compound simulations with RTDS and PC workstations, see Figure 1.

Figure 1: Simulator Structure
For what concerns the software implementation, the simulation tool Virtual Test Bed (VTB) is the
framework inside which we are implementing a new solution algorithm, named Latency Based Linear
Multistep Compound Method (LMC), which enables the parallelization of circuit simulation, keeping the
resistive companion framework. To overcome the main limitations of the resistive companion scheme
in nonlinear and time-varying components and to be able to parallelize the simulation, we represent
each nonlinear element of the network through a current or voltage source, while its internal behavior
is represented by a set of state equations, discretized with an explicit method.
Before proceeding with the description of the Latency Based Linear Multistep Compound Method developed in this project it is worth to spend few words on major contributions to real-time simulation for
power system and power electronics applications.
Historically the main interest for real-time simulation was related to relay testing for the traditional terrestrial power system. An example of this is the work conducted by Marti: in [4] a resistive companion
type of solver is executed in real time, and in [3], applying the MATE [2] concept, a 78-nodes power
system is executed in real time on a PC Cluster. In the same period, the early nineties, also one of the
most recognized commercial tools for power system real-time simulation has been developed: RTDS
[5][6][7]; it is clear from [7] that the original focus for RTDS was relay testing.
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In the same time period, but with a significant growth of interest in the recent years, also real-time
simulation of power electronic converters attracts the interest of both academia and industry [9][10].
One of the main interests for real-time simulation of power electronic converters is the design and testing of control algorithms with HIL technique [11][12].
Compared to traditional terrestrial power systems, power electronic converter simulation is significantly
more challenging both due to the strong nonlinear behavior of the system to be simulated and to the
small time step size required by the high switching frequencies that are used. For this reason, in the
last few years there has been a change also on the type of processor used and mixed solutions based
on DSPs/PowerPCs and FPGAs became more and more common. FPGAs are used both as interface
[13] and also for computation; in [14][15], for example, an AC machine and a power converter are directly simulated on the FPGA.
With the growing role of power electronic converters in power systems, especially in relation to distributed energy sources, there has been particular interest in simulating grid-connected power converters
[16][17][18]; the work presented in [18] is based on a commercial tool: Opal-RT [19]. Due to significant
similarity with the Linear Multistep Compound method developed in this project, we conclude this
overview about real-time simulation with few words on the method presented in [20] that is also the
theoretical method applied in the Opal-RT solver. In [20] the authors propose a new solution method
that combines the nodal method with state space. The two main advantages of the proposed method
are: the possibility of benefiting from the advantages of the most proper method that can be freely selected and the possibility of parallelizing simulation execution. One of the main motivations for this
work seems to be the possibility of maintaining the solution of switching devices independently. This is
extremely relevant since a solution flow that considers the pre-calculation of the state matrix has been
adopted: partitioning the system and keeping the switching devices separate reduces the combinations and the number of matrices to be recalculated and stored. The main drawback of the method is
that the global conductance matrix still depends on the switch status. As consequence the Lower Upper (LU) factorization and forward and backward substitutions still have to be performed on line; another significant problem is that overrun cannot be completely ruled out.

2.3

Positioning within E.ON ERC Strategy

Modelling and simulation of various kinds of electrical grids is a vital prerequisite for diverse studies of
complex future power systems at E.ON ERC. Simulation is an indispensable tool to reduce both costs
and risks enabling reliable and efficient development as well as allowing the analysis and tests of specific and limiting operation situations.
At E.ON ERC there is already a wide range of mainly commercial simulation tools available, able to
cover a large variety of research scenarios. The development of a dedicated real-time capable simulation cluster for distributed energy sources incorporating power electronics adds a very valuable piece
to the equipment and allows a very comprehensive portfolio of simulation platforms for future research
projects as well as for education purposes.
Within the research group “ICT for Energy” at the Institute for Automation of Complex Power Systems,
wide experience on real time systems can further lead to continued innovative developments in the
area of real-time simulation that will partly be based upon the described DSP cluster.
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Furthermore, the availability of a custom parallel system allows researchers to explore new solutions
for very complex systems beyond the wind-farm example. A possible interesting scenario is given by
the analysis of multi-energy city quarters for which the DSP platform can provide a new approach with
new features in comparison with a classical PC Cluster.
Last but not least, this platform fits very well in the activities of the newly formed I3 Center for Wind
Drives of RWTH Aachen University, where ACS and PGS are partners. Future detailed studies related
to the interaction of the wind turbines with the grid could be performed in a unique way thanks to this
DSP cluster.
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3 Project Results
3.1

DSP Cluster

The simulation system consists of several processor boards as processing nodes and backplanes
connecting the processor boards. Additionally, interface boards can be added to connect Hardware In
the Loop components.
The structure is described on system level with the focus on the interfaces between the components
and without the details of the actual implementation. All interfaces between the components are very
flexible and allow modifications of each component without compromising the overall system. The following subsections present the components in detail.

3.1.1

Processor Board

The processor board is the main component of the system. It consists of a processing node, an FPGA
and local memory. The processor as well as the FPGA have separate connections to the backplane
and are connected to each other via multiple means.
The processor node controls the data flow on the processor board and executes simulation code. It
can be implemented as a single processor or a local processor cluster and is connected to the FPGA
as well as local memory for simulation-data storage. The processor node connects to the backplane
using one full-duplex high-speed serial link allowing very high transmission rates in the range of several GBit/s per direction.

I/O
HIGH-SPEED
CONNECTION

(4 BIT SERIAL)

GIGABIT CONNECTION

4 X HIGH-SPEED

BACKPLANE CONNECTOR

SERIAL
CON.

DATA- AND ADDRESSBUS

LOCAL
MEMORY

EXTENSION CONNECTOR

PROCESSOR
NODE

CONNECTION

FPGA

(1 BIT SERIAL)
DIO & SYNC

I/O

Figure 2: Structure of the processor board
The FPGA on each processor board handles all input and output (I/O) signaling, if an interface card is
connected. Additionally, it can be used as simulation co-processor if desired. It connects to the backplane via three distinct ports. The first port is formed by four high-speed full-duplex serial connections
similar to the one used by the processor node. The second port consists of general purpose digital I/O
and synchronization lines used to exchange data and synchronize timing throughout the system. The
third port is one additional serial connection capable of multi-GBit/s transmission provided for special
I/O or a local connection to another processor board.
Both the FPGA and the processor node are connected to a front extension connector to add optional
debug, data storage and user interface components.
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3.1.2

Interface Board

8 Analog Inputs

ADC

8 Analog Outputs

DAC

3 X HIGH-SPEED
CONNECTION

FPGA

(1 BIT SERIAL)
DIO & SYNC

16 DIGITAL I/O

BACKPLANE CONNECTOR

FRONT CONNECTOR

Since I/O is an integral part of real-time HIL simulation, a specific board is provided for the connection
of external hardware to the simulation platform. HIL simulation in general consists of three stages: data input, calculation and data output. Because these parts have to be conducted in specific order and
with a fixed repetition rate, the time needed for data input and output cannot be used for calculation.
Therefore, the latency of I/O operations has a direct impact on the performance of the overall system.
Conversion, data transmission and preprocessing are steps needed to process inputs and outputs.
They need to be as fast as possible.

Figure 4: Structure of the interface board
The interface board offers the connection of digital and analog signals. An FPGA is used to provide
signal conditioning and preprocessing as well as to handle the communication with the processor
board. Three high-speed connections are available to offer high data rates and low latency. Synchronization with the remaining system is established using the synchronization lines.
Table 2: Technical specifications of the interface board
FPGA
 Xilinx Spartan6 25
 >24,000 logic cells
FLASH
 8 MBit
EEPROM
 32 kBit
Digital I/O
 16 signals, 0 – 24V, configurable as input or output
Analog
 8 channels, simultaneous sampling
input
 14 bit resolution
 Up to 50 MSPS
 ±10 V
Analog
 8 channels, simultaneous update
output
 14 bit resolution
 Up to 2.5 MSPS
 ±10 V
The backplane interface allows future updates to new devices and the adaptation of the interface
board to specific applications with regard to the amount and type of analog and digital signals.
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3.2

Simulation Software

For what concerns the software implementation, the simulation tool Virtual Test Bed (VTB) is the
framework inside which we are implementing a new solution algorithm, named Latency Based Linear
Multistep Compound Method, which enables the parallelization of circuit simulation, keeping the resistive companion framework. To overcome the main limitations of the resistive companion scheme in
nonlinear and time-varying components and to be able to parallelize the simulation, we represent each
nonlinear element of the network through a current or voltage source, while its internal behavior is represented by a set of state equations, discretized with an explicit method.

3.2.1

Solution method

The developed Latency Based Linear Multistep Compound Method exploits latency to couple nodal
with state space methods. In a nodal simulation framework the nonlinear components are solved explicitly using state equations and then represented with a linear equivalent. This method yields a very
high level of parallelization and a predictable execution time. Hence, this method is fit for real-time execution.
Latency is exploited at single component level isolating their solution from the system level, e.g. induction-machine stator inductance and rotor inertia, power-electronic switching-device snubber circuit, input and output power converter filters. The network is modeled using a traditional resistive companion
approach[1] but the nonlinear (including time-variant ones) components are identified and substituted
with an equivalent current or voltage source (their dynamics are described by a separate set of state
equations, which are discretized using an explicit integration method). Since the obtained resistive
companion model is linear and time invariant the LU factorization of the conductance matrix can be
recalculated off line. At each time step the nonlinear components’ state equations are solved in parallel on the base of the previous network solution. Then the source vector of the resistive companion
network formulation is updated with the freshly calculated values of currents and voltages. Finally the
network solution is computed by forward and backward substitution using the updated source vector.
Since the part of the system solved with resistive companion is linear and the nonlinear parts are
solved with state equation integrated explicitly, no multiple iterations during the same time step are required: the time step execution time can be fully predicted. Moreover, partitioning at single components level offers a higher level of parallelization if compared to the partitioning in zones. These two
characteristics make the proposed LMC method suitable for high-performance real-time simulation
with small time step size.
The main drawback of this method is that it requires a specific modeling technique for the nonlinear
components. Starting from a resistive companion based solver the modifications required for the solver are extremely limited; vice versa a large effort is necessary to develop new models for the nonlinear
components if previously developed for nonlinear resistive companion solvers. At the same time if new
models are needed, modeling with state equations is typically easier and less error prone if compared
to what is typically required by resistive companion solvers.
We now present briefly the structure of the proposed method that is formally presented in the next
paragraph. Due to the real-time execution target the method developed makes a clear distinction between off-line and on-line tasks.

11 / 36

The off-line step can be summarized as: describe the network, identify and substitute the nonlinear
components in the network with a current or voltage source (its dynamics are described by the state
equations embedded in the model of the nonlinear component), transform the now linear network into
its associated resistive companion representation, factorize and store the obtained conductance matrix.
During the online phase the differential equations of the nonlinear components are solved in parallel
on the base of the previous network solution performed with the resistive companion. The source vector of resistive companion is updated with the contribution of the nonlinear components and of the linear dynamic components solved with resistive companion, forward and backward substitution are executed using the conductance matrix previously factorized and stored.
If the size of the power system is very large the forward backward substitution could still require too
much time to respect the requirement of real-time execution. One important consideration to do is that,
due to the modeling approach used for the nonlinear components, the conductance matrix is block diagonal; as consequence, the factorization and the forward and backward substitution of every single
block can be done autonomously gaining another level of parallelization. If the obtained blocks are still
too big they can be furthermore partitioned using a tearing approach like Diakoptics.

3.2.2

Latency Based LMC Method Solution Flow

In this paragraph the solution process of the proposed LMC method is illustrated. It is shown how nonlinear components solution is isolated still keeping a resistive companion framework, how each nonlinear component is solved independently using state equations explicitly integrated and how the component results are combined by the resistive companion solver.
ii

vi

ii

Linear
Network

Linear
Network

ij

vi
Gi

n

n

Ii

vj

(a)

(b)

Figure 7 (a): A linear network with two nonlinear components, (b): Linear network with one currenttype nonlinear component.
From now on we will use the term internal step to refer to the execution of one time step of the state
equation describing the nonlinear components. With the term network solution we will refer to the execution of one time step of the resistive companion solver. Let us now proceed formalizing the different
steps of the proposed method.
We start considering a circuit like the one of Figure 7.a fully composed of linear components with the
exception of components i and j. In Figure 7.b a current-type nonlinear component already transformed is connected to the linear network. The conductance

is inserted to keep the standard form

of resistive companion components; numerically since we use an explicit integration method for the
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nonlinear components

will always be equal to zero. First assumption to apply the proposed method

is that every nonlinear component can be expressed as in (1) or (2). From now on we will refer to
components like (1) as current-type components and to components like (2) as voltage-type components. In general multi-terminal components can be described as a mix of current-type and voltagetype termination.
, ,
, ,

,

(1)

,
,

(2)

,

Where:
is the vector of the network node voltages
is the vector of the network branch currents
is the vector of the state variable internal to the i-th nonlinear component
is the vector of the input internal to the i-th the nonlinear component
The two equations (1) and (2) are explicitly discretized so that equations (3) and (4) are obtained.
1

,

1

,

,
,

,
,

,

(3)
,

(4)

Assuming more nonlinear components in the circuit and grouping them according to their type (voltage
or current one) equations (5) and (6) are obtained.
1

,

1

,
,

,
,

,
,

(5)
,

(6)

Equations (5) and (6) represent the internal step for all nonlinear components. Since the calculation of
new values of voltage and current to update the relative sources only requires the knowledge of the
previous time step network solution, the internal step can be easily parallelized by simply broadcasting
vector

and

to the designated kernels. Since the equations describing each nonlinear component

are independent from each other, each kernel will solve the internal step only for a subset of all nonlinear components described by Equations (5) and (6). The size of the subset to be solved by each
kernel has to be determined on the base of the computational cost of each component and of the imposed time step size (if real-time simulation is the target). With the updated values

1 and

1 a new network solution can be computed solving the nodal equation in (7).
1

,

,

,

,

(7)

It is clear that since the conductance matrix G is never updated, the LU factorization, as in linear resistive companion, can be performed offline and only the forward and backward substitutions are executed online at every iteration.
In Figure 8 the flow diagram of the solution process of the proposed LMC method is depicted. In the
flow diagram it is clearly shown how the execution of the nonlinear components’ internal step can be
parallelized. The proposed approach execution flow has a structure, excluding the computation of the
internal step, similar to the one of the linear resistive companion: all the additional computational cost
required to extend resistive companion execution to nonlinear components are avoided.
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Figure 8: LMC method solution flow
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Analyzing the diagram of Figure 8 more in detail we see that before entering in the simulation loop the
first step is to initialize the nodal equation of (7) as well as nonlinear components’ state equations. LU
factorization is then performed and the obtained matrices

, ,

are stored. Inside the simulation

loop the nonlinear components’ internal step (equation (5) and (6)) is performed using the previous
time step network solution, the b vector is updated with the freshly computed values and afterwards,
exactly like in the linear resistive companion case, forward and backward substitution as well as dynamic linear components post step are executed.

3.2.3

Stability Analysis

We now proceed studying the stability of the proposed method. For the purpose of the stability analysis, we assume that both the nonlinear components and the network have been modeled in a state
space framework. This is somehow different from the proposed implementation, which is centered on
a resistive companion approach. The analysis remains valid under the assumption that any LTI system can always be described as in (8) even if the system, like in this case, is actually solved using resistive companion. In other words, a state space model can always be created using the same discretization algorithm with the purpose of studying the stability of the considered simulation scenario,
even if we do not actually use the state space model to obtain the network solution.
In (8) the state space model of the network is presented. We assume that the network equations have
already been discretized.
1
′

′

1

(8)

1 is the input vector and can be separated in two parts: the vector of input sources originally

connected to the network

and a vector of new input sources

that represents the compo-

nents solved using state equations.
′

(9)

Inserting (9) in (8) and expanding we obtain (10).
1

1

1

(10)

An output equation has to be written for the quantity dual to the type of each nonlinear component. In
other words for each current-type component an output equation that returns the voltage at the terminals of the component has to be written. For each voltage-type component an output equation that returns the currents at the terminals of the component has to be written. The mentioned equations have
a structure as shown in (11).
1

1

1

1

(11)

In contrast to what has been presented until now, here it is assumed that the components isolated
from the network are also linear and can be expressed in the form of equation (12). The main purpose
of the analysis presented in this paragraph is to provide a tool to easily analyze how the selection of
implicit and explicit integration method affects the stability of the solution and that in future this could
be used to identify specific requirements for the components development.
1

(12)
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Also in this case the input vector has to be separated into two parts: the vector of input sources originally connected to the network

and the new input vector

. It is important to underline that

since the components are assumed to be solved with an explicit integration method also inputs come
from the previous time step. It is worth to mention that for

the use of the value at

1 would not

make any difference in the derivation of the following equations. It is vice versa extremely important
that the value of

refers to time step

. In this way, as said previously, the solution of the compo-

nents can be computed in a single step without iterations, starting from the network solution computed
at the previous time step.
(13)
Substituting (13) in (12), equation (14) is obtained.
1

(14)

For each component an output equation like in (15) has to be written. The quantity

is the value of

the equivalent source added in substitution of the component in the network solution.
1

1
The quantity

(15)

has to be expressed as linear combination of state variables.

Substituting (15) and (14) in (8) equation (16) is obtained.
1

1

Substituting now

(16)

with equation (11) from the previous time step, equation (17) is obtained.
1

1

(17)

Looking at the components equations, substituting (11) from the previous time step in (14) equation
(18) is obtained.
1

(18)

From (17) and (18) the overall system representation is obtained.
1
1

1

(19)

Where:
(20)
(21)

0

(22)
The solution performed with the proposed LMC method will be asymptotically stable if all eigenvalues
of Afull have magnitude strictly smaller than one.
We now proceed with a simple example and see how the proposed method affects stability and accuracy of the simulation.
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Figure 9: Stability and multi-rating test case
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Figure 10: Stability test case (a) Resistive companion section (b) State equations section
In Figure 10 the test case selected to study the stability properties of the proposed LMC method is illustrated. In Table 3 the corresponding parameters are reported. We assume that the inductor is
solved separately (using state equations explicitly integrated) from the rest of the circuit solved using
resistive companion and discretized implicitly.
Table 3: Stability and multi-rating test case
10V
0.001Ω
0.001Ω
0.1 H
0.01 F
10 Ω

In Figure 10.a the equivalent circuit to be solved with resistive companion is reported. In Figure 10.b
the equivalent circuit of the part of the circuit solved using state equations is reported.
A state space representation of the two subsystems was created to study the stability of the simulation
as a function of the time step. The resistive companion part has been discretized using Euler Backward while the state equation part was discretized using Euler Forward. Any implicit or explicit method
would have fit the proposed method and the stability study performed. Clearly the use of different integration methods can make the solution more or less accurate and determine different stability limits.
Also a full state space representation (using Euler Backwards as the discretization method) of the test
case has been created as reference.
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Table 4: Matrix A

We now use matrix A

Eigenvalues

t =73.9ms

t = 74 ms

1

0.9824

1.0001

2

0.5845

0.5738

to identify the critical time step for the considered circuit. A screening of the

time step is performed with a resolution of 100µs and the eigenvalues of matrix A

are checked for

every value of time step. The biggest time step, for which all the eigenvalues have magnitude strictly
computed for t = 73.9ms and

smaller than one, is 73.9ms. In Table 4 the eigenvalues of matrix A
for t = 74ms are reported, showing clearly that this is the stability limit.

To verify that effectively the value of t = 73.9ms is the stability limit, simulations have been performed
using the two values of time step. In Figure 11.a the behavior of the capacitor voltage when computed
with t = 73.9ms is reported, in Figure 11.b the current in the inductor, also computed with the same
time step, is reported. As the two behaviors show, with a time step equal to 73.9ms we are just inside
the stability limit.
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Figure 11: Stability test case results (∆t = 73.9ms): (a) Capacitor Voltage, (b) Inductor Current
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Figure 12: Stability test case results (∆t = 74 ms): (a) Capacitor Voltage, (b) Inductor Current
Even if the oscillations of both voltage and current are not characteristic of the physical system but are
introduced by the solution method, they are damped and the solution remains bounded. In contrast, in
Figure 12.a the behavior of the capacitor voltage when computed with t = 74ms is reported; in Figure
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12.b the current in the inductor, also computed with the same time step, is reported. In this case, as
easy to imagine looking at Table 4, the oscillations are undampened and the solution diverges.
It is important to emphasize, that the eigenvalues shown in Table 4 have been computed using matrix
A

where both circuits of Figure 10 were modeled in a state-space framework. The results of Figure

11 and Figure 12 were obtained using a resistive companion representation of the circuit in Figure 10.
These results show the consistency between the two modeling approaches when the same discretization method is applied.
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Figure 13: Stability test case results (∆t = 1 ms): (a) Capacitor Voltage, (b) Inductor Current, (c) Capacitor Voltage Error, (d) Inductor Current Error
Even if using a time step equal to 73.9ms allows performing a stable simulation of the considered system, the resulting accuracy is quite poor. In Figure 13 results from the same system simulated with a
time step of 1ms are reported and compared to the reference solution. In Figure 13.a the voltage on
the capacitor is reported with the relative error in Figure 13.c. In Figure 13.b the current in the inductor
is reported with the relative error in Figure 13.d.
To complete the stability analysis of the proposed LMC method we now proceed analyzing the behavior of the circuit when fully explicitly discretized. This test is particularly interesting since an explicit
discretization of the full circuit, modeled using state equations, would allow a perfect parallelization of
the solution. A new screening of the time-step size is performed and the result is that the maximum
time step to obtain a stable solution is equal to 9.9ms. This shows that fully explicit discretization significantly reduces the range of stability.
As easy to imagine, the accuracy of the simulation will also be negatively influenced by the use of an
explicit method for the integration of the whole circuit. For this purpose in Figure 14 results of the
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simulation performed using a fully explicit integration with a time step of 1ms are reported and compared with the reference case.
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Figure 14: Explicit integration test case results (∆t = 1 ms): (a) Capacitor Voltage, (b) Inductor Current,
(c) Capacitor Voltage Error, (d) Inductor Current Error
In Figure 14.a the voltage across the capacitor is reported with the relative error in Figure 14.c. In Figure 14.b the current through the inductor is reported with the relative error in Figure 14.d.
Comparing Figure 14.c and Figure 14.d to Figure 13.c and Figure 13.d, respectively, it is clear that the
error is significantly bigger. This shows an important property of LMC methods valid also for nonlinear
systems. The LMC method presents a stability behavior that is better than the one offered by the worst
integration method used. Furthermore, it should be noted that, given the presence of power electronic
components, the selected time step will be much lower than the theoretical limit of an equivalent linear
system. As result, stability issues will be very limited and also the achievable accuracy will be significantly higher.

3.2.4

The Virtual Test Bed

The Virtual Test Bed [22] is a software tool that enables the fast prototyping of large-scale, multidisciplined dynamic systems. VTB includes several separate software tools. The most important ones
for this work are the Schematic Designer and the Entity Designer. The Entity Designer is used to create new dynamic elements that can be used within a dynamic network simulation. The Schematic Designer is used to draw dynamic systems. The networks can be solved in the Schematic Designer directly and the system solution can be visualized. The language in which VTB is programmed is C#.
Thus all new models created with Entity Designer have to be written in C#. However, a very important
feature of the VTB Schematic Designer is the C-code export function. This tool allows the generation
of C code for the execution on various VTB-independent targets. For the purpose of this project a new
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target, named “DSP--RT” was added to the lisst and an ad
d-hoc solver implementinng the Latenc
cy-Based
LMC wa
as developed
d for this targ
get. Once the
e code is ge
enerated, it can
c be comppiled using th
he appropriate so
oftware tool and
a downloaded on the D
DSP Cluster, Figure 15.

Figure 15: C
Code Genera
ation Process
s

3.2.5

C
Componen
nt Modeling
g in C#

This sub
bsection describes the ge
eneral comp
ponent mode
eling procedu
ure in VTB w
with reference to [15].
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action level, a componen
nt consists off its graphica
al representaation and of so-called
Interactio
on Points. Therefore
T
the
e first modeliing step is to
o draw the component
c
inn the VTB to
ool Entity
Designer and assign
n Interaction Points to th
he component. The purp
pose of an Innteraction Point
P
is to
enable the interactio
on between a componen
nt and its env
vironment. Even
E
though all Interactio
on Points
initially h
have the sam
me structure they can be divided into different cattegories. Am
mong others, the main
categorie
es are Naturral Ports, Sig
gnal Ports, P
Parameters and
a Viewables. Natural and Signal Ports
P
are
used to couple the components
s with each other. The Natural
N
Solv
ver enforces natural coupling between th
he componen
nts. The user can specifyy componentt parameters
s as for exam
mple the resistance of
a resisto
or componen
nt. The circuit behavior ccan be visua
alized by usin
ng the so-caalled Viewables. After
the component icon and its Interraction Pointss are specified with the software
s
toool Entity Designer, the
actual co
omponent be
ehavior has to
t be defined
d in C# code..
There arre two possib
ble ways to obtain that C
C# code. One option is to use Entity Designer an
nd its automated code-generation function. This optio
on does not offer the highest flexibilitty because for
f example it is d
difficult to de
efine user-sp
pecific functio
ons or globa
al variables. Therefore
T
th is option is not
n used.
The morre powerful way
w of specifying the com
mponent beh
havior is to use
u the secoond option which is to
manuallyy write the C#
C file for a component.
c
Thanks to th
he concept of
o inheritancce, functionallities provided byy the overall VTB
V
software are availab
ble to the com
mponent. Th
he C# file for a componen
nt usually
consists of header, data
d
region, constructor
c
a
and body. Th
he header de
efines local vvariables and
d Interaction Poin
nt objects. In
n the constructor the Inte
eraction Point objects are
e initialized. T
This provides the link
between
n the model created
c
in the
e Entity Desiigner and the
e C# code. The
T C# code also has to be linked
with the XML file created by the Entity
E
Design
ner.
The bod
dy is the main part of the
e componentt and specifies its behav
vior. The boddy can imple
ement different functions provvided by the VTB environ
nment, which
h are compre
ehensively lissted and exp
plained in
manualss downloadable from [22
2]. The mostt important fu
unctions are
e OnSimulatiionStart() an
nd Step().
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OnSimulationStart() is executed by the solver before the simulation is started. It is normally used to initialize state variables.
In each step the resistive companion model has to be updated by recalculating the values of the resistor and the current source. This calculation is done in the step() function, which is executed at every
time step. To communicate the matrix stamp of an individual component to the overall VTB network
solver, the external functions SetJacobian() and SetBEquivalent() are used within the Step() function.

3.2.6

Implementation of the Latency Based LMC Algorithm in VTB

VTB incorporates solvers for different fields. For example there is a signal solver which enables the
processing of signals. Another solver is the so called Natural Solver which enforces natural coupling
laws onto connection points and thus can be used to execute multi-physics simulations. This makes it
possible to simulate electrical and mechanical systems together.
The Natural Solver works with the resistive companion method. For the purpose of this project we developed and implemented the Latency Based Linear Multistep Compound (LMC) Method for the parallel computation of the grid solution. To achieve this goal the Natural Solver of VTB is modified accordingly.
The theory behind the LMC method was explained in previous sections. In this section its implementation in C code is given in detail. This is achieved by modifying the Natural Solver framework provided
by VTB. For the parallelization the solver as well as the component models have to be modified. The
reason for this is that a separated memory approach is taken and thus the individual components do
not have access to the global solver memory. Therefore, global functions like SetJacobian() or GetAcross() cannot be used by the component any more.
The basic idea behind the developed method is a master-slave system. The master DSP hosts the
overall solver. The slave DSPs host the component models. The communication between master and
slave DSPs is realized by message broadcasting where a master DSP broadcasts information to all
slave DSPs. The slaves then have to decide which of the available information they need. Afterwards
they send a message back to the master DSP, where the information is integrated into the overall
memory architecture of the solver. It is important to note that the global solver memory architecture is
not changed. It is only taken care that certain information is exchanged between master and slave
DSPs. Thus the overall solver will not note any difference between parallel execution and serial execution of the component models. This ensures that the majority of the solver code already produced by
VTB can also be used for the parallelization.
The solver part takes care of all calculations at the system level, e.g. solving the network problem
where all the network information is stored in the memory. The component part is the place where the
components’ behavior is described. In practice, that includes the algorithm to determine the component’s Jacobian and equivalent source vector for each time step. In the single processor case the
components have direct memory access whereas in the master-slave case the components do not
have direct memory access to the global memory. The communication between master and slave
DSPs additionally has to be designed. Furthermore, the components have to store some of their own
variables, like their across and through variables. The reason for this is that the components may need
these values, e.g. to calculate their equivalent source vector. The goal of the design of the masterslave system must therefore be to establish the communication between the components and the
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global memory in such a way that the solver itself is not affected. In other words, after calculating all
components it has to be taken care that the data stored in the global memory is identical to the single
processor case.

3.3

External Hardware Interface

The Hardware In the Loop simulation system consists of the simulator and an external piece of hardware that embeds the controller. These two components are connected to each other via digital and
analog signals, which usually are gate signals of the power electronic devices and measurement signals of current and voltage sensors. The analog outputs of the interface boards are used to provide
scaled sensor signals of simulated quantities to the HIL controller like inductor currents or capacitor
voltages. The controller provides gate signals digitally to the simulator with arbitrary frequency and
pulse pattern. Since HIL controller and simulator are loosely coupled by gate and sensor signals
alone, there is no synchronization mechanism to accurately track the switching instances needed for
the simulation or to provide sensory updates needed by the control. To circumvent the lack of synchronization, on the one hand simulated sensory output has to occur at a much higher rate than the intrinsic control update rate of the connected HIL device. On the other hand, switching signal changes
occur asynchronously to the update rate of the simulation and therefore need to be tracked properly
by the simulation hardware.
The simulator system, which has been used in this project, provides accurate gate signal tracking by
oversampling. In general, a synchronization mechanism is used to provide a signal representing the
time-step of the simulation as a common time base within the simulation system. An FPGA is used to
sample the incoming gate signals at 120 MHz and to generate a numerical value representing the ontime of the gate signal with respect to the common time-step in the simulation system. The processor
reads on-time and current status of the gate signal at the beginning of the calculation step. Depending
on the algorithm, averaging or precise tracking of switching instants can be implemented with this
method of input acquisition.
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3.4

Components Library

In this paragraph we proceed describing a basic library of components that has been created during
the project. Those include blade system, drive train, doubly-fed induction generator and an ac-dc-ac
converter.

3.4.1

Blade System

The rotor blades capture the kinetic wind energy and feed it to the mechanical shaft. A wind turbine
produces a certain output torque depending on various parameters. For this project a simplified model
is used. First the output power of the wind turbine is calculated. Based on the output power and the
turbine speed, the torque is calculated.
The output power can be expressed as:
,
where:

1
2

(23)

[m] is the rotor radius,

is the air density,

] is the turbine sweep area,

[m/s] is the wind speed, A [
,

[degree] is the blade pitch angle and

[

/

]

is the coefficient of performance; it

describes the deviation of the real wind-power output from the ideal output power. Its calculation is
based on the wind speed, on the so called tip speed ratio tip
1
∆

,

and on the pitch angle .
(24)

∆

where:
Ω

∆

1

(25)
0.035
1

(26)

In this work the pitch angle is set to zero for simplicity. The mechanical output power is limited by limitmanually when the rated power output is reached. The coefficient

ing

strongly depends on the

rotor model, and has to be provided by the manufacturer; in this case we used the values proposed in
[21] for a three blades turbine:

0.5,

116,

0.4,

0,

5,

21.

The torque generated by the wind turbine is calculated simply by dividing the mechanical output power
of the wind turbine by the speed of the turbine itself.
(27)

Ω
where: Ω [rad/s] is the angular velocity of the turbine shaft and

[Nm] is the mechanical torque.

The weakness of this model is the impossibility to accurately represent the zero-speed startup condition of the machine as the determination of the torque in this case would imply a division by zero.
Therefore this model is only valid when the machine is already rotating.
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3.4.2

Drive Train

With drive train we indicate the whole set of mechanical components between the blade system and
the shaft of the generator. For this test we decided to use a single mass model of the drive train: the
turbine, the gearbox, shafts and generator inertias are lumped together into an equivalent mass H.
The gear box is modeled as an ideal transmission and with (

,

) we indicate mechanical speed

and torque on the rotor side of the gearbox. Under this condition the swing equation, in p.u., for the
drive train is:
(28)

2
Where

3.4.3

is the electrical torque of the generator.

Doubly-Fed Induction Generator

In this section the modeling of a doubly-fed generator (DFG) is described. Different DFG models are
available in literature but there is a consensus in scientific literature that for describing the dynamic
behavior of a machine in the context of electrical grids the 5th-order model is a reasonable choice.
Considering that, as explained in the previous section, the differential equation describing the mechanical part of the machine and the differential equation describing the drive train system have been combined in a single equation with an equivalent mass, the electrical part of the DFG is described by a
fourth-order state-space model in the dq domain.
Equations (29-32) are the four state equations in the stator and rotor fluxes.
(29)
(30)
(31)
(32)
Equations (33-37) are four output equations used to derive the stator and rotor currents from the stator
and rotor fluxes. Equation (15) is used to derive the electrical torque from rotor currents and fluxes.
(33)
(34)
(35)
(36)
3
2

(37)

where: R and R [Ω] are the stator and rotor resistances, L and L [H] are the stator and rotor inductances, L [H] is the magnetizing inductance, v
the rotor voltages, ψ

and ψ

and v

[V] are the stator voltages, v

[Wb] are the stator fluxes, ψ
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and ψ

and v

[V] are

[Wb] are the rotor fluxes, i

and i

[[A] are the stator currentts, i

angle,

and i

[rad] is the
e rotor electrrical angle,

[A] are the rotor curren
nts,

[rad] iis the stator electrical

is the numb
ber of pole pairs
p
and

[Nm] is the electrical

torque.

3.4.4

Back-to-Ba
ack Converrter

The DFG
G speed is controlled by
y enforcing the voltage at the three
e-phase roto r-side termin
nals. The
voltage iis applied via
a the Rotor-S
Side Convertter (RSC), wh
hich is fed th
hrough a dc ccapacitor. Th
he capacitor volta
age is kept constant
c
by the Grid-Side
e Converter (GSC). A sta
andard threee-phase full-b
bridge topology iss chosen for both converters.

erter: represe
entation with ideal switch es
Fiigure 16: Ac--dc-ac conve
To allow
w for real-tim
me execution with a sma ll time step, ideal switch
hes and swittching functio
ons have
been use
ed as modeling method for
f the back--to-back conv
verter. In Fig
gure 16 the sschematic an
nd all variable nam
mes used in the following
g sections arre shown. Th
he states of the
t switchess are describe
ed by the
variabless

,

,

, for the GSC
G
and by

,

,

1 means
s that the

for the RSC
C, where

upper sw
witch j of the
e GSC is clo
osed and tha
at therefore the
t lower sw
witch of the ssame branch
h is open
and

0 means that
t
the uppe
er switch j o
of the GSC is
s open and that
t
the loweer switch of the
t same

branch iss closed; the
e same logic is used for th
he RSC.
The mod
deling of the back-to-bac
ck converter is split into the RSC and
d the GSC. T
The RSC is modeled
Equations (3
by a fifth
h-order mode
el in phase coordinates.
c
38-42) are th
he five state equations where
w
the
state varriables are the voltages on the two dc bus capa
acitances and the currennts in the thrree inputfilter indu
uctances.
(38)

0
1

1

1

1

0
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1

1

(39)

1

0

(40)

1

0

(41)

1

0

(42)

The topology of the rotor side converter is also a three phase full bridge. Again a switching function
model is used to describe the behavior. The RSC is modeled with three algebraic equations (43-45)
that project the dc link voltage on the machine rotor.

where:

,

1

(43)

1

(44)

1

(45)

[F] are the dc capacitances,

grid-side filter resistances,
of the GSC,

,

and

,

,

, ,

[H] are the grid-side filter inductances,

[V] are the grid voltages,

,

are the switching signals of the RSC.
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and

, ,

[H] are the

are the switching signals

3.5

In
ntegration and System Testin
ng

In this paragraph we
e illustrate a test perform
med on the first available prototype of the DSP Cluster.
C
In
Figure 17 the VTB scchematic of the
t simulatio
on scenario is
s reported.

Figure 17: V
VTB Simulatio
on Schematic
c
To test tthe Hardwarre In the Loo
op capabilityy of the deve
eloped syste
em the modeel of the wind turbine
generatio
on system has been imp
plemented an
nd executed on the developed platforrm with a tim
me step of
50µs. Th
he control of the ac-dc-ac
c converter i s executed on
o a real-time commerciaal platform fo
or control
prototyping; the conttrol is executted at 1 kHz,, also the PW
WM frequenc
cy is 1 kHz. T
The IEEE39 bus system has been execu
uted with a tiime step of 5
50µs in RTD
DS where the
e wind turbinne generation system
has been
n represente
ed as an activ
ve and reacttive power so
ource. In Figure 18 the sttructure of th
he overall
experime
ent is reporte
ed together with
w a picture
e of the laborratory set-up
p.

Figure 1
18: Laboratorry set-up
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The control of the acc-dc-ac conv
verter can be
e separated into two inde
ependent paarts with simiilar structure each one contro
olling the RSC and the G
GSC, respectively. In Figu
ure 19 the RS
SC control scheme is
presente
ed. The contrrol is based on two exterrnal loops forr speed and stator reactiive power co
ontrol and
two interrnal loops for rotor curren
nt control. In
n Figure 20 th
he GSC control scheme,, very similarr in structure to th
he one of the
e RSC, is pre
esented. The
e control is based on two external looops for dc voltage and
reactive power control and two in
nternal loops for line curre
ent control.

Figurre 19: Rotor-sside convertter control sc
cheme
e rotor-side converter is to
o control the speed of the
e generator aas well as its
s reactive
The main goal of the
onsumption. With this co
ontrol structu re, speed an
nd reactive power are co ntrolled inde
ependentpower co
ly by the
e synchrono
ous frame d- and q-com ponents of the
t
rotor currrents idR an d iqR. As no
o reactive
q
power co
ontrol is need
ded for our purpose
p
i R iss set to zero.

Figure 20: Grid-sside converte
er control sch
heme
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The main goal of the
e grid-side converter
c
is tto maintain a constant dc voltage. Thherefore the
e currents
i1f, i2f an
nd i3f through
h the grid filtter are contrrolled. Contrrol is executed in the syynchronous reference
r
d
frame. T
The dc bus vo
oltage is controlled via i f and the reactive power injection intoo the grid is controlled
c
q
by i f. Th
he idea of the
e voltage con
ntroller is tha
at the load cu
urrents are co
ompensatedd and thus the capacitor voltag
ge is kept co
onstant. The demanded rreactive power injection is set to zeroo in our case and thus
iqf is also
o set to zero
o. As the grid
d filter is a firrst order system it can be
e controlled by nested PI
P controllers with the inner loo
op controlling
g the filter cu
urrent and the outer loop controlling thhe capacitor voltage.
In Figure
e 21 some measured
m
rea
al-time simula
ation results are presente
ed. The phasse 1 and pha
ase 2 currents absorbed by th
he GSC are presented a
as well as the
e PWM signal, related too phase 1, generated
g
by the co
ontroller.

Figure 2
21: Experime
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4 Conclusions
With the developed combined hardware/software solution resulting from this project, the E.ON ERC
simulation capabilities have been extended to include simulation capabilities in real time for distributed
energy resources such as a large wind farm, in which the details of each single turbine can be considered. A dedicated DSP cluster was built where each processor represents one single turbine. The real-time simulation of a full wind farm or other types of distributed energy sources can be co-executed
with a commercial grid simulator available at E.ON ERC to be used in further studies for the integration of distributed generation into the power grid.
The complete system was built as a cluster of 20 DSPs in two rack-modules. This new infrastructure is
intended to be used for detailed real-time simulation of diverse distributed energy resources spanning
from generation in wind farms and PV panels to loads on city quarter level as examples. As such it allows Hardware In the Loop tests for the validation of control strategies and represents a meaningful
complement to the real-time simulation laboratory at E.ON ERC.

Figure 22: Installation of DSP Cluster in ACS laboratory
More in detail, a new hardware architecture for real-time simulation has been designed and implemented. This new architecture allows the parallelization of a new processing board based on the combination of a DSP and an FPGA. Thanks to a custom communication bus 10 boards can perform fast
data exchange in real time. The single bus of 10 cards can then be connected to further similar rackmodules allowing a completely modular solution. Currently at ACS a solution based on 2 rack-modules
and 20 boards is available.
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Figure 23: DSP rack-module with 10 cards
To be able to parallelize and automatically generate the code for the real-time simulation of large wind
farms a new simulation method named latency-based Linear Multi-step Compound method has been
developed. The method separates the solution of single nonlinear components from the one of the
network interconnecting the components. This characteristic makes the method more parallelizable
and scalable than typical partitioning methods; moreover each component can be updated using the
most suitable refresh time. Moreover, thanks to the use of a resistive companion framework, the parallelization is fully automatized and no user involvement is required. Those characteristics make the
method suitable for the simulation of large multi-physic systems. The explicit integration of nonlinear
components makes the execution time fully predictable, which is a requirement for real-time execution.
A stability condition for this new method is developed and with the help of an example it is shown how
the LMC method presents better stability performance that the one that would be obtained integrating
the complete circuit explicitly.
The simulation method has been integrated into the software tool Virtual Test Bed so that the system
schematics to be simulated can be drawn directly using the VTB graphical interface without a need for
the user to operate on the C code.
Integration tests have been successfully performed on the first prototype of the hardware platform
based on 2 cards.
A library supporting the simulation of wind farms is now available. The development of new libraries
for different types of application is supported by the current hardware/software infrastructure and is
planned as future activity at ACS.
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