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Application of Statistical Model Checking
Methods to Finite-Set-MPC Controlled
Converters: Modeling and Performance

Verification

Abstract

Statistical model checking (SMC) is used as a method for checking the system behavior in all
possible scenarios and it has been successfully implemented in embedded automotive systems, sensor
networks, aeronautics and communication systems for solving the problems that were beyond the abilities
of the traditional formal techniques. Using this method the system is simulated for a finite number of
times and afterwards the samples are used for hypothesis testing. We will demonstrate how the area
of application can also be extended to power electronics systems, particular how this method can be
used to check the performance of Finite-Set controlled power electronic converters. The performance
of Finite-Set controlled power electronic converters is usually assessed using multiple simulations or
experiments. Because only an executable system model is needed to apply the method, SMC is most
similar to multiple simulations approach. However, it can also provide the reliability of the procedure
and modeling of the stochastic system components. For example: the load or grid conditions have
a stochastic behavior and in order to check the transient system behavior they can’t be modeled as
deterministic components. The verification needs to provide the evidence that the control algorithm can
quickly adjust to the new conditions in the system, provide a fast response and stay within the limits
prescribed by the standards. Using SMC the probability of the system staying within these limits can be
assessed. A detailed modeling procedure of the converter system components and design considerations
are given in the paper. The results interpretation is explained using the UPPAAL SMC toolbox. To
evaluate the correctness of created model in UPPAAL SMC the behavior of the system during steady
state conditions is also compared to the equivalent Simulink model and the experimental results, before

the SMC is performed.

Index Terms

Controller performance, DC-AC power conversion, finite control set, predictive control, power

electronics, statistical model checking.
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I. INTRODUCTION

Model checking is a very powerful technique that is used to debug complex system structures
like embedded controllers, network protocols or hardware components. Any system that has
states and transitions between states can be analyzed using a model checker. With a model
checker a series of events that would lead to an error state can quickly be identified. Therefore,
the controller code can be redesigned before the implementation and a possible damage can
be prevented. UPPAAL is one of the integrated tool environments used to model and analyze
the behavior of the systems. The tool is available for free for non-commercial applications in
academia [1]], [2]. UPPAAL tools are all based on variants of Timed Automata (TA). With a TA,
a timed behavior of various systems can be modeled and analyzed. However, when traditional
numerical approaches are used, the size of the problem is exponentially increasing with the
number of inputs i.e we are facing the problem of state space explosion. In UPPAAL SMC
this was solved with introduction of the Statistical Model Checking (SMC) and Priced Timed
Automata (PTAs). SMC is well-known in the field of sensor networks, communication protocols,
aeronautics, embedded automotive systems and biology systems [3]-[12]. Power electronics
converter systems are a new application area for SMC but nevertheless very promising, as also
in this area there are some problems that are not solvable using the well-known traditional
methods [13]], [14].

In this tutorial we will demonstrate how SMC can be used to analyze the performance of
a Finite-Set MPC controlled converter. MPC is still in the need of finding the analytical tools
and methods to improve the design process, verify the performance and the stability [15]-[18].
Linear controllers can rely on well-known matured methods for optimal design, performance and
stability verification and this is the reason why many power electronics engineers still prefer these
controllers over the MPC based control algorithms. Performance verification methods must prove
that the control algorithm can handle the disturbances in the system and keep the deviations of the
controlled variables from the references at a minimum. In recent publications the performance
of the Finite-Set MPC was mostly assessed by running multiple simulations or experiments
[19]-[21]. The simulations can be performed in parallel and are in theory less time consuming
then experiments, however they are missing the reliability of the procedure. Errors could remain
undetected as there is no guarantee that a finite number of experiments can cover all possible

scenarios. On the other hand, if we look into the Finite-Set MPC stability assessment, most
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relevant progress was presented by the authors in [22], [23] where Lyapunov stability criteria
is used to asses the asymptotically stability under specific constraints. This method still needs
some further research in order to be applicable to all applications and classes of converters [[17]].
In our work we are focusing on the performance verification and through the sections of this
paper we will analyze the case of a stand-alone voltage source converter during transient load
changes. This paper is a part of the most recent research in applying SMA approach to the power
electronics systems. The hardest task of the approach is the modeling procedure of the power
electronics systems so the system will be suitable for use in a SMC software. Because the timed
automata structures are not usually used in power electronics applications, it is important for
the reader to understand how he can transfer the behavior of a specific component like a power
electronics converter to a timed automaton behavior. Therefore, a lot of attention will be put on
the detailed analysis of the modeling procedure and design considerations.

The structure of the paper is as follows. In Section II we will give an introduction to SMC and
the tools used to perform the analysis. A simple timed automata structure which is used to model
the system components in the SMC software will be explained. Next section will illustrate how
using the timed automata structures, the power electronic system can be modeled in UPPAAL.
In Section |V| it is explained how performance verification using the created UPPAAL model is

performed. In the end conclusions and future research aspects are given.

II. STATISTICAL MODEL CHECKING

Within computer science, formal methods is a term generally used for analysis methods with
a solid mathematical underpinning. Formal methods can provide guarantees that a system has
certain properties. A group of formal methods that are often used to analyze software systems
is model checking. Model checking suffers from a problem known as state space explosion,
namely that the size of the state space that needs to be checked grows exponentially with the
size of the model that is used. In many cases this has prevented classical model checking from
being used on industrial sized systems.

Statistical model checking [24] is a technique that tries to solve this problem by applying
statistical instead of exact analysis of the models in question. Statistical model checking is also
known as Monte Carlo simulation and is especially well suited for probabilistic and stochastic

models [25]]. Statistical model checking is used in aeronautics and embedded automotive systems,
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sensor networks, and communication systems to provide solutions to problems that are beyond
the abilities of classical formal techniques [4]], [S]], [26].

Statistical model checking consists of performing enough independent simulations of the
behavior of the model in order to gain a statistically valid result that predicts the behavior.
Statistical model checking does not provide 100% guarantees for the properties of the system.
On the other hand, the confidence of the results can be increased arbitrarily. If a larger degree of
certainty is necessary, more experiments can be performed. The number of simulations increases
linearly with the certainty and sub-linearly in the size of the model. Statistical model checking
also naturally incorporates discrete and non-linear phenomena in the same model. The fact that
the certainty of the technique can be scaled also means that it can be used to explore new

concepts and approaches fast by setting a lower confidence level.

III. SMC TOOLS

In this paper we use the tool UPPAAL SMC, but there are other tools which can perform
Statistical Model Checking. The paper Statistical Model Checking: An Overview [27]] from 2010
provides a good introduction to the area. Landscape of probabilistic tools [25] provides an
overview of the different types of probabilistic models, but focuses on other numerical methods
of analyzing such models.

A relatively new tool, STORM, from 2016 aims at both high performance and versatility
[28]], [29]. It aims at being a toolbox of reusable modules such that new functionality can be
implemented quickly. The paper Comparative Analysis of Statistical Model Checking Tools [30]
provides a thorough comparison of five different SMC tools with a starting point in their appli-
cation to systems biology. The tools surveyed in this paper are PLASMA-Lab [31], PRISM [32],
MC2 [33], MRMC [34] and Ymer [35]. These tools support different probabilistic models. For
instance PRISM can analyze the following probabilistic models: discrete-time Markov chains
(DTMC:s), continuous-time Markov chains (CTMCs), Markov decision processes (MDPs), proba-
bilistic automata (PAs) and probabilistic timed automata (PTAs). The modeling formalism of UPp-
PAAL SMC, Stochastic Timed Automata, can express as much as both DTMC and CTMC [36].

The expressive power of the modeling language of UPPAAL SMC is sufficient to describe
the types of models needed for this paper, but the main reason for choosing the UPPAAL SMC

tool suite is the direct collaboration with the research group behind the tool. This enables a
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deep understanding of how to use the tool and the potential future optimizations of the tool and

models.

A. UrPAAL SMC

The family of UPPAAL tools are all based on variants of Timed Automata [36]. Timed
Automata is a mathematical rigorously defined formalism for specifying the timed behavior
of systems, which is described by example in the following section. A more recent development
in the analysis of Timed Automata models is the introduction of SMC. These methods allow a
precise modeling of dynamic aspects of models in the form of a Network of Stochastic Timed
Automata. For a formal definition of Networks of Stochastic Timed Automata we refer the reader
to [36]. UPPAAL SMC is an integrated modeling and verification tool which can be used to create
models consisting of several Stochastic Timed Automata. It contains a graphical editor as well as
a simulator. It also contains a verification part in which one can test statistical hypotheses about
the current model. Apart from the hypothesis testing it is also possible to obtain many different
types of graphs describing the behavior of the system. Such graphs are extremely important in
practice when constructing the system models.

More information about SMC and UPPAAL SMC can be found in [37].

B. Timed Automaton Model

Timed automata were introduced in early 1990s by Raajeev Alur and David Dill [38], and
were very quickly accepted as a very convenient formalism for modeling and analyzing real-time
systems. In Fig. [1| a simple TA model in UPPAAL SMC is presented. Three locations can be
identified: Init, State_1 and State 2. Init is the initial and committed location of the TA, which
means the transition to the location State_1 has the highest priority and the TA will immediately
make the transition. X is a special type of a variable called clock, whose domain consists of
non-negative real numbers. When an automaton is waiting in one of the locations and the time
is passing, then the value of its clocks are increasing. Each time unit models 1 ps in the real
world. All locations are assigned with a value of the Output variable and an invariant = <= 10,
which defines the maximum time the TA can stay in this location. The transition edges between
the locations also have their guards » >= 5 defining the minimum time that has to pass before the
TA can make the transition to the next location. When the transition will occur is not predefined,

it is random and all clock values between 5 <= x <= 10 have an equal probability to trigger the
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Fig. 1: Simple Timed Automaton model in UPPAAL SMC.

transition i.e. we have an uniform distribution for all clock values. UPPAAL SMC also offers the
ability to use a custom probability function. If not defined differently, the distribution is always
uniform. Because of the ability to randomly change the location, the simulation runs will have
a different clock value triggering the transition. In this way we can observe how the system
behaves under different conditions.

The processes in UPPAAL SMC can be synchronized through broadcast channels. The edge
that has the synchronization label e.g. Start! will emit the broadcast on channel Start if the guard
on the edge is satisfied. Afterwards all the edges with the receiving synchronization label Start?

will synchronize with the emitting process.

IV. MODELING THE SYSTEM IN UPPAAL SMC

The modeling approach will be presented on a stand-alone standard voltage source converter
for a UPS application. First the system model is presented to identify the components that
afterwards need to be modeled in UPPAAL SMC. Afterwards the components are explained in
more detail. The whole modeling approach in UPPAAL SMC is very modular and can easily
be adapted to different converter topologies or load types. Every model component can simply

be exported and imported to other system models as a template.

A. System model

In Fig. 2] the following system components can be identified:
« 2-level voltage source converter

o LC output filter

o Load
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Fig. 2: Simplified scheme of the system model.
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o Measurement system

« Control algorithm

As mentioned in the previous section; to model the system in UPPAAL SMC we need to describe
the behavior of this model using Timed Automata. To do that, we first need to analyze what
drives each of the model components. Let’s start first from the converter model. It is very easy to
imagine this component as a TA. The states of this TA are the switching states of the converter.
For the presented topology this means we have eight switching states, e.g. for a 3L-level Neutral
Point Clamped converter this will be 27. The next question that needs to be answered is what
triggers the location changes in this TA? This is of course the control algorithm and in this model
Finite-Set MPC algorithm is used. The core of the Finite-Set MPC algorithm is a discretized
system model which is used to predict the future behavior of the system [18], [39]. In this case

the model is defined through differential equations of the filter current and the capacitor voltage:

d cap(t .

ifaﬂ(t) = Cf Udf( ) "‘Zoocﬁ(t) (D
difap(t

Viag(t) = szfd—f()Jrvcaﬁ(t) 2)
-1 diyap(t

ioaﬂ(t) - Rl d(LloadZd—f<)_Ucaﬁ(t)) (3)

where 17,5 and i, are the inductor and load currents, v.,g and v; s are filter capacitor and
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inverter output voltages, L; and C are filter inductance and capacitance. Euler forward method
is used to discretize (1)) and (2) as presented in [40]. For every time sample new measurements of
the vcag, 15ap and 7,44 are acquired by the measurement system. Using the discretized equations
predicted values are calculated for all 8 possible converter switching states. These values and the
reference values are then used in the cost function. The cost function usually has the form of the
square of Euclidean distance between the reference signal and the prediction of the controlled
variable. A good overview of the cost function design depending on the application is presented

in [15]. For this system, the cost function suggested for the UPS applications in [40] will be

used:
9= (v:a - ng)z + (U:,B - v53)2 + >\d " 9d + )\SUJ ’ sz (4)
= (ifa — o + wav;kﬁ)z + (Z'J}:B —log — C'fwv:a)z (5)
Gow =Y [Su(k) = Sa(k = 1)] (6)

r=a,b,c

P

where v, and v;; represent the real and imaginary parts of the reference voltage vector, v,

and va the real and imaginary parts of the predicted voltage vector, ijfa and ijlfa the real and
imaginary parts of the predicted filter current vector, 7., and i,g the real and imaginary parts of
the measured load current. Weighting factors \; and )\, define the secondary objectives. For
the design of the weighting factors an approach based on artificial neural networks can be used
as presented in [41]]. S, (k) is the new potential switching state and S,(k — 1) is the applied
switching state from the previous switching instant. From the eight converter output vectors the
one which produced the minimal cost function value is then selected and applied.

The load used in the system is an inductive load and will have two possible values of the
resistance i.e. the TA will have two locations: high load and low load. Parameter values, which
match the experimental UPS set-up are shown in Table [Il In the next subsections components

of the UPPAAL model from Fig. [3| will be explained in detail.

B. Physical system

In Section [[II-B| a simple TA model was introduced with a clock X, which was triggering
the location transitions. If we want to model the converter system it doesn’t make much sense

to use the time to trigger the transitions, especially if we know that in UPPAAL SMC we can
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TABLE I: System parameters.

Parameter Value
DC-link voltage (V) 700 V
Converter power rating (P) 18 kVA

Reference voltage and frequency (Vcf,fres) 400 V, 50 Hz
Output filter inductance and capacitance (L;,Cy) 2.4mH, 25uF

Load (Rpom»Lnom) 48 €, 40 mH
Sampling time (7) 25 us
Weighting factors (Ag,Asy ) 04, 0.5
Tick
®
Physical System v
i [ U ) /\()\/ I_‘
aloe)-[8 o)l [h o] ) > Sampler > EIR A
:A H
5 ' Simulation
L Vol Output
V. 23 measurements
i v | S
Controller

Fig. 3: Block scheme of the system model in UPPAAL.

define the behavior of the clocks trough differential equations. Then why not declare the system
voltages and currents to be the global clocks in our TA network using the differential equations?
Fig. 4a) shows how this is done in UPPAAL SMC. It is easy to notice that these are the same
equations as in , and . The equations are multiplied by the global factor (GF) = 10~°
so the system will have the same dynamics like an equivalent simulation model with sample

time of Tg =1 us.

C. Controller and Tick model

The Controller model can be observed in Fig. 4d| and it is a combination of converter and

control algorithm component from Fig. 2 We can observe that the values of variables V_in_alpha
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and V_in_beta, which represent the imaginary and real part of the converter voltage, are changing
depending on the TA location (v0-v7). The TA has three more locations which are committed:
Init, right and left. For the TA to transition from the (v0-v7) to right a synchronization signal tick
needs to be received from the T%ick model Fig. Tick model is a very simple TA with only one
location and it generates the synchronization signal tick every 25 us. When the TA reaches the
location right it will call two functions. The functions are written in C-like imperative language.
Function calc_cost() calculates the cost function values for all converter output voltages like it
was explained in Section The values are forwarded to the minControl which minimizes

the cost function and selects the next TA location.

D. Sampler model

The task of the Sampler model in Fig. |4c|is to take measurements of the voltages and currents
needed for calculating the predictions in the calc_cost() function of the Controller model. Every
25 us the task is repeated except for the initial time step which is shorter. This modification was
made to fit the behavior of the TA model to the simulation model in Simulink. By comparing
the waveforms it was noticed that the Simulink model added an approximately 1 us delay in

the model.

E. Load model

As it can be seen in the Fig. 4b] the Load model TA has one local clock variable y and three
locations: Init, LowLoad and HighLoad. The invariants y < 3000 and y > 2000 transition guards have
been assigned to the the locations. The transition trigger has a uniform distribution for the clock
values between 2000 < y < 3000 therefore in each simulation run a different clock value will

trigger the change of the Rload value.

E Simulation output

The last component of the model is Simulation output in Fig. 4] and it is used to calculate
the diffrence between the reference and measured voltage and the simple moving average of the

diffrence. The following are calculated in the functions calc_diff() and rolling_average():

diff = (viy — via)* + (vis — i) )

n

n

SMA = SMA,,, +

®)
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Init
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i_f_alpha' == GF * (V_in_alpha - V_c_alpha - i_f_alpha*RL )/Lf &&
V_c_alpha' == GF * (i_f_alpha - i_load_alpha)/Cf &&

i_f beta' == GF* (V_in_beta - V_c_beta -i_f_beta*RL)/Lf &&
V_c_beta' == GF* (i_f_beta - i_load_beta)/Cf &&

i_load_alpha' == GF * (V_c_alpha - i_load_alpha*Rload)/Lload &&
i_load_beta' == GF * (V_c_beta- i_load_beta*Rload)/Lload

(a) Physical system.

. HighLoad

y < 30000

y > 20000
?'fzd =48, Rload = 100,
y > 20000 y=0

LowLoad
y < 30000

Rload = 48

(b) Load.

©

X <= 2402 V_mes_c_alpha =V_c_alpha,

V_mes_c_beta =V_c_beta,

X >=24.02 i_mes_f alpha=i_f alpha,
i_mes_f_beta =i_f_beta,
i_mes_load_alpha =i_load_alpha,
i_mes_load_beta = i_load_beta

@ V_mes_c_alpha = V_c_alpha,
V_mes_c_beta =V_c_beta,
x=0 i_mes_f _alpha =i_f alpha,

i_mes_f beta=i_f beta,

i_mes_load_beta =i_load_beta

X >= 25 x <=25

(c) Sampler.

i_mes_load_alpha =i_load_alpha,

left

calc_cost(),
minControl = getSwitch()

minControl == 1 V_in_beta = 0.0

V_in_alpha = 0.0,

minControl == 2 V_in_beta = 0.0

V_in_alpha =2.0/3.0 * Vdc,

minControl ==3  V_in_beta = sqrt(3.0)/3.0 * Vdc

V_in_alpha = 1.0/3.0 * Vdc,

minControl == 4

V_in_alpha =-1.0/3.0 * Vdc,

minControl ==5  V_in_beta = 0.0

V_in_beta = sqrt(3.0)/3.0 *Vdc \;\ tick?
7

V_in_alpha =-2.0/3.0 * Vdc,

minControl == 6  V_in_beta = -sqrt(3.0)/3.0 * Vdc

V_in_alpha =-1.0/3.0 * Vdc,

minControl ==7  V_in_beta = -sqrt(3.0)/3.0 * Vdc

V_in_alpha = 1.0/3.0 * Vdc,

V_in_alpha = 0.0,
minControl == 8  V_in_beta = 0.0

Init

©

V_in_alpha =-1.0/3.0 * Vdc,
V_in_beta = -sqrt(3.0)/3.0 * Vdc

z>=18&&

t>= SAMPLE_START

z=0,

(d) Controller.

z<=1 2>=18&

t < SAMPLE_START
z=0

avg = rolling_average(),

diff = calc_diff()

(e) Simulation output.
x >=25
tick!

x <=25 x=0

(f) Tick.

Fig. 4: System components in UPPAAL model.

where v;, and v;; are the real and imaginary parts of reference voltage vector, vy, and v/ are

the values of measured output voltage, and n = 10 is the number of sample subsets. The TA

has one local clock variable z which is ensuring that the diff and SMA are calculated every 1

us. Two transition edges with different guards can be noticed. Only the left edge is calculating

the diff and SMA from the » >= SAMPLE_START, this modification was made to exclude the

initial transient from the calculation.

right
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(c) Capacitor voltage in experimental set-up.
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Fig. 5: Design verification.

G. Wind power and PV applications

(d) Selected voltage vectors in Simulink and UPPAAL
model.

The application of the SMA approach can also be extended to other applications which feature

stochastic components. Energy production from the renewable energy sources like wind power

plants and photovoltaics (PV) are a typical example of this behavior. For example: the PV

plant can be an automaton with states that have different solar irradiation values. What in the

case of UPS application has not been implemented, but mentioned in the Section [III-B|is that
there is a possibility to also set the probabilities of the transitions. Therefore, we can put higher

probabilities for some irradiation values. In a similar way, an automaton for the wind power plant

can be designed, where different wind speed values can be assigned to the automaton states.

When we perform the statistical model checking approach with the automaton’s that have the

stochastic behavior, the SMC software will need to perform several simulation runs and in each

run we will have a different irradiation or wind profile. Therefore, we would obtain information

about our system performance also during this different energy production situations.
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V. PERFORMANCE VERIFICATION

UpPPAAL SMC allows the user to visualize the values of variables and clocks in the simulation
runs and thus give insight to the user as which properties would be interesting to check using the
model checker. Using this feature we can easily check the behavior of the system like in other
available simulation software for power electronics. We used this feature to check the design
by comparing the simulation output in the steady state to the equivalent Simulink model and
also to the measurements obtained from the experimental set-up. For the complete guide on
how to use UPPAAL SMC the reader is refereed to [36]]. The procedure of modeling the system
and performing the verification has also been illustrated in the flowchart presented in the Figl6|
In needs to be noticed that SMC is not a replacement of the traditional simulation methods
performed in simulation tools like Simulink, moreover it is a specific tool that is used to check
the performance of the controllers in the stochastic environments. The modeling procedure in
Simulink is of course simpler as models of components are available in the Power Sim libraries,
while when the user first starts using the SMC software he needs to model the components from

Z€ro.

A. Design verification

The syntax used in UPPAAL SMC to perform the simulation of the model is following:
simulate N [<=bound] {E1,...Ek} where N € N indicates the number of simulation
runs, bound is the time bound on the simulations and E1, . . .Ek are expressions that are mon-
itored during the simulation run and afterwards visualized. For our system the most interesting
expressions to monitor are following:
simulate [<=60000] {V_mes_alpha, V_mes_beta, V_ref_alphal(),
V_ref_beta()}
simulate [<=60000] {i_mes_load_alpha, i_mes_load_beta}
simulate [<=60000] {diff, avg}

The first expression was used to compare the UPPAAL model to the Simulink model and
experimental set-up. The results can be observed in Fig. [5| As it can be seen the UPPAAL model
features the same performance as the Simulink model and it is also matching the experimental

results. Now that the created model has been verified we can proceed to the query formulations.
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Define the parameters of the
system and global clock variables

Define the simulation query in the
Verifier and run the simulation

I

Identify the discrete states of the TA

Define the transitions between the

states (set guards and invariants) Do the results
and synchronization channels for —— < represent the desired
the TA system behaviour?,
No
Run the syntax check y
Yes
i Debug the model to find the error
i ? Se—
Error in syntax? Define the hypothesis query

and set the confidence level.

Yes

}

Check the reported error
No and modify the model

Start the verification of the
— query

4,“ Analyze the results

Fig. 6: Modeling and verification procedure in UPPAAL SMC.

B. Query formulation
Using the Verifier tool in UPPAAL SMC we can get an answer to three types of questions
[42]:
« Probability Estimation - it will give a probability confidence interval for which the property
in question is true (e.g 0.81-0.91)
o Hypothesis Testing - it will give a 0 or 1 depending if the probability of the property is
lower or larger than the defined threshold
« Probability Comparison - it will give a 0 or 1 if asked question is false or true
The concept is the following: each time the system is simulated, it is encoded as a Bernoulli

random variable that is true if the property in the asked question is satisfied or false otherwise.
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Afterwards, a statistical algorithm will analyze the observations. For the first question an esti-
mation algorithm that resembles the Monte Carlo simulation is used to give an answer and for
the second and third question sequential hypothesis testing is used. For our model it is most
interesting to use the first question. However, before starting with the testing we must define
probability uncertainty €. The lower the value, the higher is the reliability of the procedure
but on the other hand more simulation runs will be necessary. The number of necessary runs is
automatically calculated and updated with each simulation run by UPPAAL SMC. The probability
confidence interval of the diff staying below 5% can be estimated using the following query:
Pr[<= 44000] ([] (t<SAMPLE_START | diff<0.05%325)
The same principle is used to check the probability of SMA staying below the defined threshold.
FS-MPC performance relies on the correct system model so it would also be important to test
the robustness of the algorithm to parameter uncertainties i.e. overestimations and underestima-

tions of the model parameters like filter values.

C. Result interpretation

An example of query testing can be seen in Table |lIl The simulation runs were run with a zero
parameter uncertainty, with 30% overestimated filter values and with 30% underestimated filter
values. The probability uncertainty € was set to 0.05. During the simulations the value of the load
was stochastically changing from Rj..q = 48 §2 to 100 2, the value of L;,,q = 40 mH remained
constant in this example. Thus, R;,.,q = 48 {2 is considerer as a nominal load and R;,.q = 100 €2
corresponds to low loading conditions of the converter. The values in the last column of the table
represent the number of simulation runs that were performed. A low number of runs indicates a
high probability of the query being true or false. From the obtained results we can see that the
control algorithm has good tracking performance with overestimated filter values, however the
probability for the diff and SMA to stay under the the 5% when underestimated values are used
is extremely low. Even for 12% it is only around 50%. From this observations we can conclude
how much the overestimated system values in the predictive model will negatively effect the
performance during the transient load change. The performance was also evaluated for lower
voltage reference frequencies. No significant degradation of the reference tracking performance
was noticed for parameter uncertainty 0% and 30%. We can repeat these tests also for different

values of weighting factors to see how the performance will be effected. For a different topology



IEEE INDUSTRIAL ELECTRONICS MAGAZINE 16

TABLE II: Query probability results obtained from UPPAAL SMC toolbox.

Query lﬂ?j;‘::;:i; Probability = Number of runs
diff < 5% 0 0.901 - 0.999 54
diff < 5% 30% 0.902- 1 36
diff < 5% -30% 0 - 0.097 36
diff < 12% -30% 0.347 - 0.447 386
SMA < 5% 0 0.902 - 1 36
SMA < 5% 30% 0.902 - 1 36
SMA < 5% -30% 0 - 0.097 36
SMA < 12% -30% 0.377 - 0.476 394

or application other performance metrics would be interesting to investigate e.g. the neutral point

balancing in NPC topologies.

VI. CONCLUSIONS

In the paper, it was presented how statistical model checking can be used to test the perfor-
mance of Finite-Set MPC controlled power electronics converter in the UPPAAL SMC toolbox.
Due to the nature of the FS-MPC algorithm it is easy to visualize the whole system as a
network of timed automata, which are used in UPPAAL SMC to model the converter system.
The system modeling using the time automata is the most difficult part of the approach but due
to very modular approach of modeling in UPPAAL, it is very easy to adapt the model to different
converter topologies or load types. The model can be used to test the system performance under
transients by modeling the components e.g. electric load, as stochastic automaton. By defining
an expression that will track the difference between the reference and the measured values in a
system with a stochastic load automaton, the control algorithm response to many different system
conditions can easily be tested. The whole procedure of testing the hypothesis in UPPAAL SMC
is straightforward and automatic as the program uses built-in algorithms to calculate the number
of necessary simulations runs to calculate the probability of the hypothesis being true for a

user-defined uncertainty.
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SMC can not provide a 100% guarantee for the properties of the system, as the higher the
confidence is set the more simulation samples need to be collected. This is of course time
consuming as the number of simulations increases linearly with the level of the confidence and
sub-linearly with the size of the model. Therefore, it is evident that multi-level topologies or
modular multi-cell converters, which have a high number of possible switching states, i.e a larger
system size will also have an increased simulation time. An interesting research challenge would
be to also model a grid-connected model of the converter with a stochastic grid automaton.
Microgrid systems are also a potential application area, where also the communication links
between the converters could be modeled. In general, every system that has states and transitions
between the states is suitable for the SMC approach. One must notice that the procedure in this
form cannot be used to verify the stability of the control algorithm, but with a further development

of the procedure this could also be accomplished.
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