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Abstract—This paper presents a reachability analysis approach
for dual active bridge (DAB) converters in the presence of
heterogeneous uncertainties induced by manufacturing tolerance,
temperature, humidity, etc. The novelty of this paper includes:
1) it gives a comprehensive introduction of how to build a
hybrid automata model for a DAB converter, and use the hybrid
automata model for the purpose of reachability analysis through
SpaceEx; 2) it develops the procedures of building the SpaceEx
model for an arbitrary model by using Atom Text Editor; and 3)
different non-deterministic input values are incorporated in the
reachability analysis to further improve the performance. Test
results validate the effectiveness and excellent performance of
the presented method.

Index Terms—Reachability analysis, dual active bridge, DC-
DC converter, hybrid automaton, SpaceEx

I. INTRODUCTION

The design and verification of new types of power electronic

devices such as DC-DC converters require numerical simula-

tions [1]. There are many types of simulation software tools

that can offer the environment for users to model and test their

designs, including Labview, Plexim PLECS, Simulink, and

many more. However, only using simulations to analyze the

models is intrinsically incomplete, because a simulation run-

ning one time only has a single execution of the system. Due to

the infinite number of the initial conditions in the presence of

heterogeneous uncertainties, just using simulations to test the

designs of electronics devices can detrimentally increase the

safety risk. For instance, Toyota Motor Corporation recalled

nearly 1.9 million Prius cars in 2014 because of a mismatch

between a boost converter and its software design. It is critical

to develop a formal verification tool to consider all possible

executions of the system with various uncertainties.

The formal verification community has developed many

reachability analysis tools including UPPAAL, HyTech,

PHAVer, SpaceEx, CORA, and HyLaa [2]–[7]. Among these

tools, the SpaceEx is a widely used verification platform

for hybrid automata. It combines polyhedra and supports

function representations of continuous sets to compute an

over-approximation of the reachable states [8]–[11]. For a

reachability analysis using SpaceEx, a critical point is to build

a SpaceEx model. A common method to build the SpaceEx
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model is using the HYbrid Source Transformer (HYST) to di-

rectly obtain this model [12]. However, for those complicated

models such as the dual active bridge (DAB) converters, using

HYST cannot accurately obtain the SpaceEx models [12], [13].

One modification of using SpaceEx for reachability analysis

is to use the SpaceEx Model Editor to build the SpaceEx

model by our own. The initial parameters and the related

algorithms can be setup in the CFG file. But the SpaceEx

Model Editor only has a few common available blocks with

limited functions. Actually, to the best knowledge of the

authors, no existing reachability analysis work has been done

on complicated converters such as DAB converters.

This paper gives a comprehensive introduction of how to

build a hybrid automata model for a DAB converter, and use

the hybrid automata model for the purpose of reachability

analysis through SpaceEx. It also develops the procedures of

building the SpaceEx model for an arbitrary model including

DAB converters by using Atom Text Editor. Moreover, the

non-deterministic input values are incorporated in the reacha-

bility analysis to further improve the performance. Case stud-

ies are provided to validate the effectiveness and performance

of the presented method.

The rest of this paper is organized as follows: Section II

describes the DAB converters, and this is followed by the

presented method for reachability analysis of DAB converters

in Section III. Section IV provides the comparison results, and

Section V concludes the paper.

II. SYSTEM DESCRIPTION OF DAB CONVERTERS

The circuit model of a typical DAB converter is given in

Fig. 1. It consists of a primary bridge (PB), a secondary

bridge (SB), and a transformer. Each bridge consists of four

switches (S1-S4 or S5-S8). Ri represents the sum of switch

on-resistances, line resistance, and transformer winding resis-

tance. L is the transformer leakage inductance. C0 and Rc

are the shunt capacitor and its equivalent series resistance,

respectively. Vin is the input DC voltage, and Vout is the output

DC voltage on the final load R0. Vp and Vs are the voltages

at the two sides of the inductor L, and are used to control

the switches. Using the parameters in Table I, Fig. 2 gives the

waveforms of Vp and Vs under the single phase-shift (SPS)

control, where the duty cycle D is set as 0.5, the period T is

set as 20 μs, and the phase shift φ between Vp and Vs is π/2.

According to the status of the switches, the system operates

in four modes, which are described as follows:
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Fig. 1. The circuit model of a typical DAB converter.

TABLE I
PARAMETERS OF A DAB CONVERTER

Parameter Value Parameter Value

Vin 30 V R0 12.5 Ω

L 35.49 µH T 20 µs

Ri 0.38 Ω D 0.5

Rc 0.45 Ω C0 455 µF

Mode 1: In this mode, the switches of the primary bridge

S1 and S4, and the switches of the secondary bridge S6 and

S7 are closed while the other switches are open during the

switching cycle [0, DT ). The state variables are defined by the

voltage across the capacitor vC , and the current through the

magnetizing inductor iL. According to the Kirchoff’s voltage

law (KVL) and Kirchoff’s current law (KCL), the ordinary

differential equations (ODEs) of iL and vC are obtained as

{

diL
dt = −Rt+R0RC/(R0+RC)

L iL + R0

L(R0+RC)vC + 1
Lvin

dvC
dt = − R0

C0(R0+RC) iL − 1
C0R0+RC

vC .

(1)

Mode 2: In this mode, the switches of the primary bridge

S1 and S4, and the switches of the secondary bridge S5 and

S8 are closed while the other switches are open during the

switching cycle [DT, T ). Similarly,

{

diL
dt = −Rt+R0RC/(R0+RC)

L iL − R0

L(R0+RC)vC + 1
Lvin

dvC
dt = R0

C0(R0+RC) iL − 1
C0R0+RC

vC .

(2)

Mode 3: In this mode, the switches of the primary bridge

S2 and S3, and the switches of the secondary bridge S5 and

t

t

Vp

Vs

V1

-V1

V1

V2

-V2

0

0

Fig. 2. The waveforms of Vp and Vs under the single phase-shift (SPS)
control.

S8 are closed while the other switches are open during the

switching cycle [T, (1 +D)T ). Similarly,

{

diL
dt = −Rt+R0RC/(R0+RC)

L iL − R0

L(R0+RC)vC − 1
Lvin

dvC

dt = R0

C0(R0+RC) iL − 1
C0R0+RC

vC .

(3)

Mode 4: In this mode, the switches of the primary bridge

S2 and S3, and the switches of the secondary bridge S6 and

S7 are closed while the other switches are open during the

switching cycle [(1 +D)T, 2T ]. Similarly,

{

diL
dt = −Rt+R0RC/(R0+RC)

L iL + R0

L(R0+RC)vC − 1
Lvin

dvC

dt = − R0

C0(R0+RC) iL − 1
C0R0+RC

vC .

(4)

III. REACHABILITY ANALYSIS OF DAB CONVERTERS

In this section, the reachability analysis of a DAB DC-DC

converter is presented, including 1) reachability algorithm, 2)

SpaceEx description, 3) hybrid automation model of a DAB

converter, and 4) DAB converter modeling in SpaceEx.

A. Reachability Algorithm

The reachability algorithm used in this paper is a classi-

cal fixed-point computation which is operated on symbolic

states [5]. A symbolic state is a pair R = (l, Ω), where l is a

location and Ω is a convex continuous set. The discrete post-

operator postd(R) is defined as the set of states reachable by

a discrete transition from R, and the continuous post-operator

postc(R) is defined as the set of states reachable from R by

letting an arbitrary amount of time elapse. The set of reachable

states is the fixed-point of the sequence: R0 = postc(Init)
and Rk+1 := Rk ∪ postc(postd(Rk)). The algorithm uses a

passed list of states found so far and a waiting list of states

whose successors are yet to be computed. The flowchart of

the algorithm is given in Fig. 3.

Initialize the waiting list with the time-elapse 
successors of the initial states

Pick a symbolic state from the waiting list

Compute the transition successors

Compact the passed list by removing redundant states

Compute the time-elapse successors 
to every generated symbolic state

Throw away the symbolic states that are on 
the passed list and put the remaining ones 

onto the passed list and the waiting list

Start

End

No

YesIs the waiting list 
empty?

Fig. 3. Flowchart of the reachability algorithm.
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B. SpaceEx Description

SpaceEx is a robust and user-friendly verification platform

for hybrid systems. Its modeling language, called SX, is to

allow the exchange of models with a graphical user interface

and model editor, as well as the exchange with other tools and

modeling languages via automatic translation. The SpaceEx

consists of three components, namely, SpaceEx analysis core,

web interface, and system model as shown in Fig. 4 [6].

• The analysis core is a program which takes a model file in

SX and a configuration file in CFG. The configuration file

specifies the initial states, the scenarios and other options

and then analyzes the system and produces a series of

output files.

• The web interface is a graphical user interface where

users can use virtual machines to access the analysis core

on the web server. It can be used to specify the initial

states and other parameters, and can also visualize the

output graphically.

• The model editor is a graphical editor for creating models

of complex hybrid systems. While it can not well support

the non-deterministic inputs.

• The Atom Text Editor is a text editor where users can

directly edit and modify the SX file and the CFG file

without using other hybrid system translation tools such

as HYST [12].

System Model

Model Editor

System Model

Atom Text Editor

SpaceEx
Analysis Core

Local
Remote/Virtual Machine

Web Server

Web Interface

User Options Visualization

Specification Text Output/
File Download

Web Browser

Fig. 4. Software architecture of the SpaceEx platform.

C. Hybrid Automaton Model of A DAB Converter

A hybrid automaton H can be defined by a tuple

〈L, S, P, T,G, F, 〉, which are described as follows:

1) L is the infinite set of the topology that represents the

control model of a hybrid system: L = {l1, l2, ..., ln}.

For a DAB converter in this paper, there are four modes

which are therefore denoted as L = {l1, l2, l3, l4}.

2) S is a group of the continuous state variables: S =
{iL, VC , t}, where t is the real time.

3) P is the set of the inputs to the system for each mode:

P = {p1, p2, ..., pn}. For a DAB converter in this paper,

P = {[Vin, 0, 0]
′, [Vin, 0, 0]

′, [−Vin, 0, 0]
′, [−Vin, 0, 0]

′}.

4) T is the set of feasible discrete transitions occurring

among the modes. Each element is defined as tij =

(l1, l2) ∈ T which means there is a discrete transition

from the ith mode to the jth mode. For a DAB converter

in this paper, T = {(l1, l2), (l2, l3), (l3, l4), (l4, l1)}.

5) G is the guard set, which refers to the discrete transition

from a given topology to another pre-defined topology.

For a DAB converter in this paper, G = {(t ≥
DT ), (t ≥ T ), (t ≥ (1 +D)T ), (t ≥ 2T )}.

6) F is the set of ODEs that are defined for each topology

l ∈ L with the continuous state variable s ∈ S.

D. DAB Converter Modeling in SpaceEx

This paper develops an approach which uses the Atom

Text Editor (see Fig. 4) to build the SpaceEx model for an

arbitrary model including DAB converters. The flowchart of

the presented method is given in Fig. 5. For an arbitrary model,

its variables are defined step by step in the Atom Text Editor,

and the SpaceEx model can thus be obtained. An example

of the SpaceEx model for a DAB converter obtained via the

presented method is illustrated in Fig. 6. The SX file of the

SpaceEx model and the CFG file are then uploaded to the

web server through the web interface as shown in Fig. 4.

The reachability analysis is then implemented in the SpaceEx

analysis core, and the results are sent back to the web interface.

Define the parameters

Finish all locations?

Define the locations

Define the invariants

Define the flows

No

Define the transitions

Define the guards

Finish all transitions?

Yes
Yes

No

Define the 
model system

Define the 
model network

Start

End

Define the
assignments

Define the
parameters

Define the 
binds

Fig. 5. Flowchart of the presented method.

   t >= 0 & t <= D * Ts &
gt >= 0 & gt <= tmax 

& mode == 1
il' == a11 * il + a12 

* vc + b1 * vi &
 vc' == a22 * vc 

- a21 * il  &
  t' == 1 & gt' == 1 & 

mode' == 0

t >= D * Ts & t <= Ts &  
gt >= 0 & gt <= tmax 

& mode == 2
il' == a11 * il - a12 

* vc + b1 * vi &
vc' == a21 * il 
+ a22 * vc &

t' == 1 & gt' == 1 & 
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t >= Ts & t <= (1 + D) 
* Ts & gt >= 0 & 

gt <= tmax & mode == 3
il' == a11 * il - a12 

* vc - b1 * vi &
   vc' == a21 * il 

+ a22 * vc &
   t' == 1 & gt' == 1 & 

mode' == 0

               t >=(1 + D) * Ts & t <= 
                 2 * Ts & gt >= 0 & 

             gt <= tmax & mode == 4
il' == a11 * il + a12 

* vc - b1 * vi &
   vc' == a22 * vc 

- a21 * il &
t' == 1 & gt' == 1 & 

mode' == 0

t >= D * Ts
il' == il  &

  vc' == vc  &
  t' == 0  &

  gt' == gt  &
  mode' == 2 t >= Ts

il' == il  &
vc' == vc  &
  t' == 0  &

  gt' == gt  &
  mode' == 3

t >= (1 + D) * 
Ts

il' == il  &
  vc' == vc  &

  t' == 0  &
  gt' == gt  &
  mode' == 4

t >= (1 + D) * 
Ts

il' == il  &
  vc' == vc  &

  t' == 0  &
  gt' == gt  &
  mode' == 4

Mode 1

Mode 4

Mode 2

Mode 3

Fig. 6. The illustration of the SpaceEx model for DAB converters obtained
via the presented method.
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IV. RESULTS AND ANALYSIS

This section presents the formal verification results of a

DAB converter via verifying the states, e.g., iL and vC ,

which include: 1) comparison of Stateflow and SpaceEx;

2) reachability with different uncertainty levels of vin; 3)

reachability with non-deterministic vC and iL initial values;

4) reachability with deterministic and non-deterministic R0;

and 5) reachability with multiple and single non-deterministic

inputs.

A. Comparison of Stateflow and SpaceEx

The traditional method to verify the performance of a DAB

converter is to perform simulations using tools such as a

combination of Stateflow and Simulink. Figs. 7-9 give the

comparison results of Stateflow and SpaceEx, where vin is

determined as 30V in Stateflow and is within [29.95V, 30.05V]

in SpaceEx. The other parameters of the DAB converter

are the same as shown in Table I. It can be seen that the

Stateflow results (see the blue dotted lines) are contained

in the reachability set calculated by SpaceEx (see the black

solid lines), which verifies that SpaceEx computes an over-

approximation of the set of reachable states of the system,

and in turn can be used to ensure that the system satisfies all

desired safety properties for all possible executions.
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Time (s) 10-3
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Fig. 7. Comparison results of Stateflow and SpaceEx on iL.
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Fig. 8. Comparison results of Stateflow and SpaceEx on vC .

B. Reachability with Different Uncertainty Levels of vin

In reality, the different impacts of uncertainties (i.e., manu-

facturing tolerance, temperature, humidity, etc.) will result in

0 5 10 15 20 25 30
Current (A)

0
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Vo
lta

ge
 (V

)

5.5 5.6 5.7 5.8
Current (A)

26.6

26.7

26.8

Vo
lta

ge
 (V

)

Stateflow
SpaceEx

Fig. 9. Comparison results of Stateflow and SpaceEx on vC and iL.

different initial input values to the SpaceEx model. Consid-

ering the non-deterministic characteristics of the components’

values, the non-deterministic initial input values are added for

the reachability analysis. The non-deterministic value vin is

used in this subsection, where vin is within [29.5V, 30.5V] for

the high-level uncertainties and [29.95V, 30.05V] for the low-

level uncertainties. The other parameters of the DAB converter

are the same as shown in Table I. The reachability results with

high-level input and low-level input are given in Figs. 10-12.

It can be seen that compared with the low-level uncertainties

input, the high-level uncertainties input gives a larger set of

reachable states of the system, making the system satisfies

desired safety properties for more possible executions.
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Fig. 10. Reachability results with high-level and low-level uncertainties input
vin on iL.
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Fig. 11. Reachability results with high-level and low-level uncertainties input
vin on vC .
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Fig. 12. Reachability results with high-level and low-level uncertainties input
vin on vC and iL.

C. Reachability with Non-deterministic vC and iL Initial

Values

As shown in (1)-(4), there are three types of parameters

that can affect vC and iL, namely, vin, the initial values of

vC and iL, and the weights such as Ro. Figs. 13-15 give

the reachability results with different non-deterministic vC
and iL initial values. In the one-side case, vC is within [0V,

1.456V] and iL is within [0A, 0.117A], while in the two-

sides case, vC is within [-1.456A, 1.456A] and iL is within

[-0.117A, 0.117A]. The other parameters of the DAB converter

are the same as shown in Table I. It can be seen that the one-

side results (see the blue dotted lines) are contained in the

reachability set calculated by the two-sides results (see the

black solid lines).
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Fig. 13. Reachability results with non-deterministic vC and iL initial values
on iL.
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Fig. 14. Reachability results with non-deterministic vC and iL initial values
on vC .
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Fig. 15. Reachability results with non-deterministic vC and iL initial values
on vC and iL.

D. Reachability with Deterministic and Non-deterministic R0

Figs. 16-18 give the reachability results with determin-

istic and non-deterministic R0, where the deterministic R0

is set as 12.5Ω and the non-deterministic R0 is within

[11.25Ω,13.75Ω]. The other parameters of the DAB converter

are the same as shown in Table I. It can be seen that compared

with the deterministic R0, the non-deterministic R0 results in

a larger set of reachable states of the system.
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Fig. 16. Reachability results with deterministic and non-deterministic R0 on
iL.
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Fig. 17. Reachability results with deterministic and non-deterministic R0 on
vC .

E. Reachability with Multiple Non-deterministic Inputs

To further evaluate the impacts of different parameters on

reachability results, Figs. 19-21 give the comparison of reach-

ability analysis using multiple non-deterministic inputs and a
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Fig. 18. Reachability results with deterministic and non-deterministic R0 on
vC and iL.

single non-deterministic input. The red, green and blue curves

represent the reachability results using the non-deterministic

vC and iL, vin, and R0, respectively, and the black curves

represent the reachability results using all the three types of

parameters. It can be seen that 1) different parameters have

different impacts; and 2) compared with using a single non-

deterministic input, using multiple non-deterministic inputs

gives a larger set of reachable states of the system.
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Fig. 19. Reachability results of multiple non-deterministic inputs and a single
non-deterministic input on iL.
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Fig. 20. Reachability results of multiple non-deterministic inputs and a single
non-deterministic input on vC .
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Fig. 21. Reachability results of multiple non-deterministic inputs and a single
non-deterministic input on vC and iL.

V. CONCLUSION

This paper contributes a reachability analysis approach us-

ing SpaceEx for DAB converters. This work not only presents

the procedures of reachability analysis for DAB converters,

but also provides insightful situational awareness of power

electronic devices in the presence of heterogeneous uncertain-

ties. Future works include further evaluations of the presented

method on more complicated designs, and more considerations

on more realistic uncertainties.
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