68 CPSS TRANSACTIONS ON POWER ELECTRONICS AND APPLICATIONS, VOL. 2, NO. 1, MARCH 2017

Sneak Circuits in Power Converters: Concept,
Principle and Application

Bo Zhang and Dongyuan Qiu

Abstract—*“Sneak Circuit” is defined as the unexpected path
or operational status in an electric or electronic circuit due to
the limitation or oversight in design by human. The sneak cir-
cuit can be triggered to operate under certain conditions, which
results in an unwanted or unintended action. As power convert-
er is an artificially designed system, it is undoubted that sneak
circuits exist in power converters, while sneak circuit phenome-
na have been proved in some typical power converters. In order
to improve safety and reliability of a power electronic system, it
is necessary to understand thoroughly the sneak circuit in pow-
er converters under all possible practical conditions. Thus, this
paper aims at providing a brief review of sneak circuits in pow-
er converters, and summarizes the sneak circuit analysis (SCA)
methods based on the graph theory. Finally, some applications
on power converters by making use of the SCA principle of
sneak circuit analysis are included.

Index Terms—Sneak circuit, power converter, graph theory,
sneak circuit analysis (SCA).

1. INTRODUCTION

OWER converter is an important part in most of electri-

cal and electromechanical systems, because it can realize
energy transfer between different electrical forms and meet
the requirement of high efficiency [1], [2]. As the need of
power converters grow rapidly in many areas, the reliability
of power converter should be concerned according to its fun-
damental place in energy conversion and management.

Normally, preventing part failure or component failure
is an effective method to improve system reliability [3].
However, not all systems failures are caused by component
failure. In some situations, no part has failed, yet the sys-
tem performs improperly or initiates an undesired function.
A significant cause of such unintended events is named as
“sneak circuit”, which is the unexpected electrical path or
logic flow that can produce an undesired result under certain
conditions [4]. Opposing to the component failure, sneak
circuit happens without any physical failure in the system,
an undesired effect is obtained although all parts are working
within design specifications.

It has been concluded that the main factor causing sneak
circuit is lacking of a complete view of the detailed inter-
relationship between components and functions in a system
[5]. Similar to the other systems, it has been proven that
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sneak circuits exist in the power converter, which may affect
the performance of the whole system [6]-[8]. Therefore, the
sneak circuit situations in power converters should be inves-
tigated and identified, which will have a positive impact on
the reliability of power electronic system.

In order to identify sneak circuits systematically, sneak cir-
cuit analysis (SCA) is a safety analytical technique which was
developed firstly by Boeing in the late 1960s [9]. However,
different from other electric or electronic systems, power
converter is a typical switched-mode system which operates
based on the alternate switching of the semiconductor switch-
es. Obviously, sneak circuit conditions of power converters
will relate not only to the variation of parameters, such as the
step change of input voltage or load resistance, but also to the
control schemes applied for the power switches. Thus, the
conventional SCA methods are not suitable for analyzing the
sneak circuits in power converters, SCA for power converter
should consider both circuit paths and control schemes.

The remainder of this paper is organized in the following
sections. Section II gives a comprehensive description of
sneak circuit in power converter by using a common Boost
DC-DC converter as an example. Section III reviews several
available SCA methods for power converters. And then the
applications of SCA methods on sneak circuit elimination,
topology design and performance improvement are provided
in Section IV. Finally, some concluding remarks in the sneak
circuit of power converter are drawn in Section V.

II. CoNCEPT OF SNEAK CIRCUIT

Sneak circuit is a designed-in current path or signal flow
within a system which inhibits wanted functions or causes
unwanted functions to occur without a component having
failed. Sneak circuits are not the result of component failures,
electrostatic, electromagnetic or leakage factors, marginal
parametric factors or slightly out-of-tolerance conditions,
they are present but not always active conditions inadvertent-
ly designed into the system, coded into the software program,
or triggered by human error [5]. Consequently, the sneak cir-
cuit phenomena are controllable or reversible if the condition
of sneak circuit occurrence are known.

A. Sneak circuit definition in power converter

Power converter is usually composed of power diodes,
controllable power switches, inductors, capacitors and resis-
tors. As inductor and capacitor belong to the energy storage
components, some unintended electrical current paths can
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be established by inductor and/or capacitor independently.
If this kind of current path affects the performance of power
converter, they can be considered as the sneak circuit path in
power converter, according to the definition of sneak circuit.

In fact, sneak circuit in power converters is not strange.
For example, the basic Boost converter shown in Fig. 1(a)
has two distinct operating modes based on the status of in-
ductor current, one is continuous conduction mode (CCM)
and the other is discontinuous conduction mode (DCM).
Generally, Boost converter is designed to operate in CCM
or DCM to meet certain control functions by selecting the
converter parameters (for example the inductance) in ad-
vance. However, CCM will switch to DCM and vice versa,
when some operating conditions change, such as input volt-
age, load or duty ratio. Comparing Fig. 1(b) with Fig. 1(c),
if CCM is regarded as the normal operation mode, then the
current path only consisting of the output capacitor and the
load when both D and S are OFF in DCM can be considered
as the sneak circuit path. It is well known that the voltage
gain in DCM is different from that in CCM, thus DCM can
be considered as the sneak circuit mode.
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(c) DCM

Fig. 1. Boost converter and its operating modes.

B. Sneak circuit considering parasitic parameter

The components in power converter are always considered
as the ideal ones in order to simplify the analysis, however,
all components in power converter have parasitic parameters
in fact. It is obviously that the current flows in power con-
verter will be more complicated when all parasitic compo-
nents are considered, and the probability of overlooking po-
tentially undesirable conditions will increase proportionately
as a result.

Take Boost converter as the example again, if Power MOS-
FET is selected as the power switch S, the equivalent circuit of
Boost converter is shown in Fig. 2(a) when some critical par-

asitic elements are taken into account [10]. The actual model
of Power MOSFET is composed of a N-channel MOSFET, a
gate-drain capacitor C,,, a gate-source capacitor C,, a drain-
source capacitor C,, and a body diode Ds. And power diode
D is represented by a freewheel diode in paralleled with a

junction capacitor C,,.

(c) Current path #2

(d) Current path #3
Fig. 2. Boost converter with parasitic parameters.

When Boost converter operates in DCM, except for the
conventional current paths in Fig.1 (c), it is found that there
exist another three current paths caused by the parasitic
components, which are illustrated in Fig.2 (b) to Fig.2 (d),
respectively. The experimental waveforms of a Boost pro-
totype shown in Fig. 3 are provided to prove the existence
of the above three current paths [10]. In Case I or Fig. 3(a),
current paths #1, #2 and #3 appear, because the voltage on
the drain-source capacitor resonates, the inductor current i;
is negative and the body diode current i), is not equal to zero
during the switch is turned off. However, i,, keeps at zero
in Fig. 3(b), which means that current path #3 disappears
in Case II. By changing some operating conditions of the
prototype, the ideal DCM waveform similar to Fig. 1(c) is
obtained in Fig. 3(c), it can be concluded that current paths
#1, #2 and #3 have not been established in Case III. There-
fore, the appearance of these three paths are controllable,
there will be currents flowing through these paths during
the operating process of Boost converter if certain operating
conditions are satisfied. In addition, the influence of different
cases as well as each parasitic component on the voltage
gain have been summarized in literature [10]. It is demon-
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Fig. 3. Experimental waveforms of Boost converter under different condi-
tions.

strated that current paths caused by parasitic parameters in
power converter are coincident with the definition of sneak
circuit.

III. PriNCIPLE OF SNEAK CIRCUIT ANALYSIS

As sneak circuit have been found and proven in a variety
of power electronic converters [11], it is necessary to un-
derstand thoroughly the sneak circuits in power converter
under all possible practical conditions. According to the
definition of sneak circuit in power converter, sneak circuit
phenomenon belongs to one of the operating modes of pow-
er converter. It is known that the operating mode of power
converters consists of several operating stages in one switch-
ing period, different operating stages are switched in a fixed
order according to the applied control strategy. Since each
operating stage refers to a sub-circuit or equivalent circuit,
there is current flowing through the sneak circuit path when
sneak circuit phenomenon appears. Therefore, the sneak cir-
cuit analysis of power converter should have two functions:
one is sneak circuit path analysis, which is used to identify
the sneak circuits paths existed in the converter; the other is
sneak circuit mode analysis, which can predict the sneak cir-
cuit phenomena.

A. Sneak Circuit Path Analysis

The precondition to find out the sneak circuit path is to
obtain all possible circuit paths or current loops existed in
the power converter. If a current path is neither an invalid
current path nor a normal current path, then it belongs to the
sneak circuit one. Obviously, searching for circuit paths in
power converter is the first step in sneak circuit path analy-
sis. If power converter is considered as a graph, some con-
cepts in graph theory, such as adjacency matrix, connection

matrix, and mesh, will be useful for path or loop searching
[12]-[14].

When a directed graph G=(V, E) with two finite sets V'
and E is used to describe the power converter, the element of
vertex set V represents the intersection of components in the
power converter, which is named by number; the element
of edge set E is the branch in the converter, which is named
by the component symbol of the branch; and the direction
of the edge is determined by the current direction of the
component on the edge. The edge whose current can flow in
bi-direction is indicated by a bidirectional or two-way arrow,
while the edge with diode or the switching component with-
out inverse conduction property is indicated by a single-way
arrow, which points to the possible flowing direction of the
component current.

Boost converter is taken as an example again to explain
how to establish the directed graph of power converter. As
shown in Fig. 4(a), the branch in the converter is defined as
edge, the intersection of the branches is defined as vertex
and there are 4 vertices in Boost converter. Considering the
symbol of the component on the branch as the edge name,
the component current direction as the edge direction, the di-
rected graph of Boost converter can be obtained in Fig. 4(b).
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(b) Directed graph

(a) Vertex definition
Fig. 4. Boost converter and its directed graph.

According to the definition of adjacency matrix [12], the
adjacency matrix of Boost converter is

(M

>

Il
_ 0 = O
S O O =
_ o = O
O = =

Based on (1), the vertex sequence 1-2-3-4 is on behalf of
one current path in the Boost converter, because a,,=1, a,,=1,
ay,=1, a,=1. But the vertex sequence 4-3-2-1 is an invalid
current path, because a;,=0. Therefore, all the current paths
in power converter can be described by a group of vertex se-
quences and obtained by some searching algorithms [11].

If the matrix element of the connection matrix is defined by

Lfori=j
Cij =10, fori # j and no current path fromi to j )
Element symbol, for i # j

then the generalized connection matrix of Boost converter is
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As the current path must be a loop in the circuit, all possi-
ble current loops in power converter can be found by calcu-
lating the determinant of the generalized connection matrix C
[15], [16]. Thus, base on (3), the calculation result of loop is

Sioop =|detC|= RC, +U,LDR+U,LDC, +U,LS  (4)

From (4), it is concluded that there are 4 current loops in
Boost converter, which are R-C,, U-L-D-R, U-L-D-C, and
U-L-S, respectively.

Since an operating stage of power converter is normally
consisted of more than one circuit path or current loop, cir-
cuit paths or current loops should be combined to a sub-cir-
cuit which refers to an operating stage. By defining mesh as
the loop that does not contain internal loop with edge [14],
mesh combination algorithm can be used to find out all of
the possible sub-circuits in power converter.

According to the mesh definition, Boost converter in Fig.
1(a) is made up of 3 meshes, which are expressed by the fol-
lowing sets:

G, ={U,.L,S}
G,=1{8,D,C,} ®)
G3 = {CG’R}

By applying AND (U) and RING SUM (@) operations of
graph, meshes can be composed into connected pieces [14],
for example,

G,uG,={U,L,S,C,,R}

0

G,®G,={U,,L,S,C,,R}

s~

(6)

GUG,®G,={U,,L,D,C,,R} (M

It can be found that G1(Uor®) G3, GIUG2®G3 and G3
represent for three operating stages in DCM shown in Fig. 1
(¢), respectively.

Thus, all possible circuit paths, circuit loops and sub-cir-
cuits in power converter can be obtained by the above meth-
ods, and they can be divided into groups according to the cir-
cuit principle and the operating principle of power converter:
1) The invalid path, loop or sub-circuit, which will not be

allowed in the power converter. For example, both S and

D are “ON” at the same time in Boost converter. After

eliminating the invalid path, the rest of possible paths are

the effective ones.

2) The desired path, loop or sub-circuit, which will show up
as designed during normal operation of the converter.

3) The sneak circuit path, which is the effective circuit path
different from any normal circuit path.

As a result, the sneak circuit path can be identified by
comparing the effective circuit paths with the normal ones.

B. Sneak Circuit Mode Analysis

Even the sneak circuit paths have been obtained, the be-
havior of the converter when the sneak circuit paths appear
during the operating process is still unknown, thus sneak
circuit mode analysis should be carried out. It is known that
the switching components in the power converter are turned
on or off in a fixed order based on the control strategy, so the
sub-circuits corresponding to different switching states will
constitute the operating mode of power converter.

As shown in Fig. 5, there are two switching components
in Cuk converter, one is the controllable switch S and the
other is the uncontrollable diode D. If “1” indicates the state
of the switching component when it is on, and “0” indicates
off, then the available switching states for Cuk converter
are expressed by SD=10, SD=01 and SD=00, while SD=11
is invalid. These three switching states can compose two
switch control sequences, 10-01-10-01-... (Control sequence
I) and 10-01-00-10-01-00-... (Control sequence II).

The equivalent circuits corresponding to switch states SD=
10 and SD=01 are shown in Figs. 6(a) and (b), respective-
ly. But both circuits in Figs. 6(c) and (d) refer to the same
switch state SD=00. Thus, the operating mode under control
sequence | is unique, and there are two operating modes under
control sequence II. It is common to define the operating mode
under control sequence I (i.e. CCM) as the normal operation
mode of Cuk converter, while those under control sequence
II should be considered as sneak operating modes, which are
shown in Figs. 7(a) and (b).

In order to describe the sneak circuit phenomena of Cuk
converter, the waveforms of inductor currents 7;, and i, are
selected. It is noted that inductors L, and L, are connected in
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Fig. 5. Schematic of Cuk converter.
L G L, L C L,
}—IW\(T |__IYYY\_
Vi s | G RV DY c= r|[]|%
7 %] +
(a) SD=10 (b) SD=01
L C L,
“ Y'Yy
4 c== R *Vn cJ~ r[]%
+ +
(c) SD;,=00 (d) SD,,=00

Fig. 6. Equivalent circuits of Cuk converter.
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(a) Sneak operating mode 1 (b) Sneak operating mode 2

Fig. 7. Sneak operating modes of Cuk converter.

series in Fig. 6(c), then #; ,+i;,=0 should be satisfied, and the
inductor currents will have the following two forms: (i) ;<0
and i;,>0; (ii) i; >0 and 7;,<0. When Cuk converter oper-
ates in Fig. 6(d), both of the inductor currents 7, and i;, are
equal to zero, i.e. i, ;=i;,=0. Therefore, based on the possible
current forms of the equivalent circuits, the typical inductor
waveforms corresponding to sneak operating modes can be
predicted and shown in Fig. 8.

A Cuk prototype has been built to verify different kinds
of phenomena [17]. By reducing the duty cycle d, the Cuk
prototype will work in different operating modes, and the
experimental waveforms of driving signal v,, output voltage

V., inductor currents i;, and i;, are shown in Fig. 9, which
have good agreement with the predicted waveforms in Fig. 8.
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(b) Typical waveforms of sneak operating mode 2
Fig. 8. Sneak circuit phenomena of Cuk converter.
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Fig. 9. Experimental waveforms of different operating mode.

Therefore, the feasibility of the proposed sneak circuit mode
analysis method has been verified.

IV. AppLICATION OF SNEAK CIRCUITS

With the help of sneak circuit analysis method proposed
in section III to power converter, the operating principle and
the characteristics of power converter can be understood
comprehensively, thus SCA for power converter is useful
to modify the topology and improve the performance of the
power converter.

A. Sneak Circuit Elimination

Based on the definition of sneak circuit, the sneak circuit of
power converter is a path hided in the converter, which would
appear when specific parameter condition is satisfied. As a
result, the operating stages increase and the energy balance
under normal operating mode is destroyed, which will lead
to some changes of converter characteristics and the desired
performance of the converter cannot be achieved. Thus the
sneak circuits should be eliminated in the power converter.

Apparently, the emergence of sneak circuits should satisfy
two conditions: firstly, there must be some sneak circuit paths
existed in the power converter; secondly, sneak circuits will
appear if the converter parameters are not designed appro-
priately or the converter operating conditions are out of the
normal range. Therefore, in order to eliminate sneak circuits
in power converters, there are two methods:

1) Proper parameter design, which is suitable for the con-
verter which has specific sneak circuit condition, because
the emergence of sneak circuit can be avoided through
reasonable parameter design.

2) Topology modification, which can cut off the sneak cir-
cuit paths by changing the converter topology based on
the characteristic of sneak circuit path.

The three-phase Z-source inverter [18] shown in Fig. 10
is taken as an example to demonstrate how to eliminate the
sneak circuit by parameter design and topology modification.
Normally, the diode D conducts when the three-phase invert-
er is at the active or traditional zero state, D is blocked when
the inverter operates at the shoot-through state. However,
when the diode current is discontinuous during the period
of active states, the input dc voltage of the inverter bridge
drops, which will affect the quality of the output ac voltage
seriously. It has been proven that this sneak circuit phenom-
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ena will occur if a small inductance or low load power factor
is selected [19].

Fig. 10. The classic three phase Z-source inverter.

As the Z-source inverter has a specific sneak circuit con-
dition, if the operating conditions of Z-source inverter are
set to satisfy with the following equation, the sneak circuit
phenomenon of Z-source inverter will not appear.

%MBcos¢—120 ®)

where M is modulation ratio, B is step-up factor and cos ¢ is
the load power factor.

On the other hand, the sneak circuit phenomenon will ap-
pear in the Z-source inverter when the link between the DC
voltage source V. and impedance network is open during
the inverter’s active state. Therefore, if there is a circuit path
that connects V;, with Z-network at any state, the sneak
circuit phenomenon will disappear. Substituting diode D
by a fully controlled power switch S,, which has the reverse
conducting property (i.e. Power MOSFET), the improved
Z-source inverter is illustrated in Fig. 11.
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Fig. 11. The improved Z-source inverter.

As the input current or the switch current can flow bi-di-
rectionally, the switch can provide a backward path for the
current by its control signal or anti-parallel diode even when
the input current decreases to zero and becomes reversed.
Therefore, the sneak circuit phenomenon of the classic
Z-source inverter will not happen forever.

B. Performance Improvement

In fact, as the existed circuit paths in power converter,
sneak circuits may have positive effect in power converter if
it can be made good use of. The synchronous Buck convert-
er can be used as an example to discuss how to improve the
converter performance without adding any component but
by making use of the sneak circuit.

The synchronous Buck converter can be obtained by re-
placing the diode in Buck converter with a controllable power
switch. As shown in Fig. 12, S| is the main switch and S, is the
synchronous switch. In general, the conduction of S, and S,
are complementary, and certain dead time is inserted between
the two driving signals to prevent simultaneous conduction of
the two switches.
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Fig. 12. Synchronous Buck converter.

When the inductor current is continuous and positive, typ-
ical waveforms of the synchronous Buck converter in nor-
mal operating mode are shown in Fig. 13(a). It is obvious
that the synchronous switch S, can achieve ZVS before it is
switched on. However, the main switch S, is still operating
in hard-switching state. As the switch such as Power MOS-
FET can flow through bidirectional current, the body diode of
S, will conduct when the inductor current i; drops to zero and
becomes negative during the on-state of S,, then the zero-volt-
age turn-on condition of the main switch S, can be created.
The typical waveforms that both the main switch and the syn-
chronous switch can achieve ZVS are shown in Fig. 13(b).
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(b) Sneak circuit mode

Fig. 13. Typical waveforms of Synchronous Buck converter under different
modes.
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It has been proven that this situation only happen when the
inductance of the synchronous Buck converter is designed
relatively small [20], thus Fig. 13(b) can be regarded as the
sneak circuit phenomenon of the synchronous Buck converter
according to the definition of sneak circuit. Obviously, it is a
significant reward to achieve ZVS by using the sneak circuit
paths that exist in synchronous DC-DC converter.

C. Topology Reconstruction

Topology is one of the key techniques in power elec-
tronics, because it determines the basic performance and
operating characteristics of power converter. A large number
of power converter topologies have been proposed, such as
Cuk converter [21], resonant converter [22], soft-switching
converter [23], multilevel converter [24], modular multilevel
converter (MMC) [25], etc., which have greatly improved
the level and quality of electric energy transformation.

However, it is found that the invention of the novel power
converter largely depends on the inventors’ academic attain-
ments and practical experiences. Furthermore, many typical
power converters also need further improvement and opti-
mization in practical application and the process of topology
reconstruction is still based on the “try and test” method. As
the sneak circuit analysis method can provide a thoroughly
understanding of power converter, it is possible to be applied
in reconstructing the topology of power converter.

For example, the original Boost ZCT PWM converter and
an improved Boost ZCT PWM converter are shown in Fig.
14 and Fig. 15, respectively.

Fig. 14. The original Boost ZCT PWM converter.
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Fig. 15. An improved Boost ZCT PWM converter.

Comparing Fig. 15 with Fig. 14, diode D, substitutes for
the original auxiliary switch S, and the conducting direction
of D, is consistent with the anti-parallel diode of S,; switch
S, substitutes for the original auxiliary diode D, and the an-
ti-parallel diode of S, keeps the same conducting direction of
D,. Therefore, the switching states of both converters are the
same, the original functions of Boost ZCT PWM converter

can be kept in the modified one. Furthermore, the modified
Boost ZCT PWM converter is proven to have other advan-
tages, such as ZCS of the main switch as well as auxiliary
switch can be realized, the peak current of auxiliary switch
is relatively small and the switch time of auxiliary switch
is easy to control [26]. Therefore, topology reconstruction
method by making use of the sneak circuit path analysis
method is feasible, and the good performance of the original
converter can be kept.

V. CONCLUSIONS

In this paper, the work on sneak circuits and related sneak
circuit analysis methods for power converters have been
reviewed, how to eliminate and make use of sneak circuit
have been proposed as well. The research on sneak circuit
in power converters offers guidelines in the design of power
electronic system and enable early detection of potential
problems, which will contribute to the reliability of power
electronic system.
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