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Stability comparison of Single-Stage vs. Two-Stage OBC with Interleaved totem-pole front-end

Van Minh Thong Ta, Jeahee Seo and Sewan Choi
Department of Electrical and Computer Engineering, Seoul National University of Science and Technology

ABSTRACT

This paper conducts an analysis of the stability of a single-
phase OBC system utilizing the input impedance interaction
concept. The stability between single-stage (SS) OBC and
conventional interleaved totem-pole PFC is compared with
considering the EMI filter and the uncertainty of grid impedance.
This research investigates the impact of large grid impedance on
understanding the origins of oscillation and instability in
interleaved totem-pole-based OBCs. The analysis results indicate
that the resonant frequency of SS is approximately ten times
higher than that of conventional PFC, implying greater resilient to
disturbances from the outer loop control.

1. Introduction

According to a maintenance report on OBCs, variations in grid
impedance can lead to unexpected oscillations in the input current,
potentially triggering the fault protection mechanism of the OBC.
This paper investigates the origin of this phenomenon using the
impedance interaction concept in [l]. To obtain the input
impedance (Z;¢) of each topology in Fig. I, a different small-
signal modelling methods are required. Traditional modelling
method (state space averaging) in [2] is applied for conventional
PFC modelling. Because of the leakage current of SS couldn’t be
averaged by traditional method so generalized average modelling
(GAM) method in [3]is used to model the SS.

2. Input impedance modelling of SS & conventional
PFC

2.1 Open-loop input impedance modelling of SS

Traditionally, the input impedance is derived from the small-
signal equivalent circuit as described in [2]. However, in this
section, the input impedance is formulated based on the large-
signal model. Because of the SS modulation fixing the primary
side duty cycle at 0.5, the input current (i;;) becomes independent
of the control variable in terms of small-signal. The equivalent
resistor (Rge = %2 /P) models the power transfer amount and is
represented in parallel with Z;; as shown in Fig. 2(a) The
general form of input impedance in frequency domain is:

1 (2L,Cces? +2Cc(Ryy + 2Ry)s + 1) |
Rac  (2LyCoes? + 2Co.Rygs + 1) M
Fig. 2(b) illustrates the impedance response results under no-
load and rated power conditions. In the low-frequency region, the
magnitude of impedance is determined by the equivalent resistor.
The self-resonant frequency of SS is determined by f, =

1/2m,[2L,Ce,.

2.2 Input impedance modelling of conventional PFC

lec(s) =

After applying the small-signal modelling to the conventional
PFC, the AC equivalent circuit is derived as in Fig. 3. There are
two kinds of input impedance. The first one is considered as the
open loop input impedance and defined like:

Zp(s) = ZI(S)|&(5):0 (2)
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Fig. 1 System definition to analyze the input impedance interaction
including EMI filter and grid impedance for (a) Single-stage AC-DC, (b)
conventional interleaved totem-pole PFC.
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Fig. 2 The open-loop impedance modelling of SS (a) The simple
equivalent circuit seen from input side (b) The magnitude responds of
open-loop input impedance.

The second impedance is double null injection impedance:
Zy(s) = Zl(5)|170(s)=0 3)

Both impedances could be obtained by nullifying the
respected small signal in the equivalent circuit Fig. 3. Based on
the input impedance results shown in Fig. 4, Zp exhibits
behavior like a CL resonant network, while Zy mainly depend
on the load (R) and nominal duty (D) of conventional PFC.
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Fig. 3 Small-signal equivalent circuit of conventional PFC

T
Zp Zy I
102 - 1 2 I H
. Jo-1%k
2 2
S 10'F f e | 5
] 1
2 Pratea = 3.5k 1
§ 10" Fy. = 2307, 3
g '
Ciinx = 1.1mF
o | i o e I\ I R.¢ oF, - |D —1] ]
L, =250u —@fy ® ————
2 / :
2[Ry = 50mG I I i LfFLlnk
%o T .
Vv, = 400V

:
1

R =V,/Ploeq 1
| 1

1

Phase (deg)
&

o

-45

-90 L L L i

10° 10! 10? 10% 10* 10
Frequency (Hz)

Fig. 4 The characteristic of open loop Z,(s) and null double injection

Zy(s) input impedance of conventional PFC
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2.3 Comparing the input impedance of two topologies.

One common characteristic shared by these two impedances
is that they both represent the impedance observed from the input
side. However, from the concept to result, there are differences in
input impedance between two topologies. Firstly, the input
impedance (Z;c) of SS can be derived from the large-signal
model, which involves fewer derivation steps compared to the
conventional approach. The input impedance of SS can be
represented by a single impedance (Z);). In contrast, the
comprehensive characteristics of conventional PFC impedance
require the use of both Z, and Zy. Furthermore, in one grid
cycle, Z}; don’t change but Z, and Zy change according to
the grid voltage. Lastly, the self-resonant frequency (f,.) of
conventional PFC is much lower than SS because the input
inductance and link capacitance are significantly larger than
clamping capacitance and grid inductance of SS.

3. Closed-loop input impedance modelling & Stability
comparison
3.1 Closed-loop input impedance modelling of SS & Minor
loop gain concept.

In the closed-loop control structure depicted in Fig. 5, the
closed-loop impedance is established by nulling the reference
signal.

Ze(8) = Die/Ticliy y=0 = ZRH(S)(A + T(5)) “)

where T(s) = Gpi(s)Giy(s) is the loop gain transfer function of
the current loop control. Gp;(s) and G, (s) represent the
transfer functions of the PI regulator and the control-to-input,
respectively.

v o=

i i
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- |
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Fig. 5 Closed-loop control structure of SS in term of small-signal.

In the closed-loop system including EMI filter and grid
impedance, the minor loop gain concept is defined to examine the
system’s stability as follows:

Tin(8) = Zor(5)/Zfc(s) %)

The results shown in Fig. 6 depict the predicted resonant
points of SS from the analysis result. The phase margin (PM) of
each resonant point is described in the phase respond graph. The
point of minimum phase margin (PM) is most likely to be the
cause of instability in this system. Fig. 7 shows the simulation
result of the SS’s input current. The oscillation frequency in the
grid current closely matches with the second intersection point of
the frequency domain analysis. This provides validation for the
accuracy of the single-stage model and analysis method.

3.2 Closed-loop
conventional PFC

input impedance modelling of

The closed-loop impedance concept of conventional topology,
which could be found in [2], is expressed as:

1 1 T(s) 1 1 .
Zi(s)  Zy(sS)1+T(s)  Zp(s)1+T(s) ©)
where T(s) = Gp;(s)Giq(s) in this case is the loop gain transfer

function of control loop.

The similar minor loop gain (T},) is also applied to investigate
the conventional PFC’s system stability under the existing of extra
element.

The minor loop’s modelling results of conventional PFC is
depicted in Fig. 8. There are also two resonant points in this
system. These points are caused by the intersection between the
closed loop input impedance (Z;(s)) and the output impedance of
EMI filter (Z,(s)). The first point is more critical, because its PM
is the smallest one. The time-domain simulation depicted in Fig.
9 also illustrate a low frequency resonance occurring in the grid
current. By applying the analysis sequence to the conventional
PFC, the modeling method can accurately predict the resonant
frequency.

3.3 Stability comparison between two topologies by minor

loop gain concept.

Based on the modeling and simulation results in Fig. 6-9 of
the two systems, the SS topology demonstrates better stability in
terms of disturbance immunity. Since the first resonant point in
Fig. 8 of the conventional PFC occurs in the low-frequency region,
it may be disturbed by the other control loop such as outer voltage
control loop, PLL control loop, etc. al Furthermore, the EMI filter
is unable to attenuate this low-frequency resonance. Secondly, this
resonant frequency significantly depends on grid impedance;
specifically, larger grid impedance results in a lower resonant
frequency, which can exacerbate THD. In contract, the second
resonant point of SS in Fig. 6 system occur in high frequency
region that is independent of grid impedance. Which mean that the
SS’s oscillation frequency can be controlled by modifying EMI
filter or passive components of SS.
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Fig. 6 The magnitude and phase respond of SS’s minor loop gain under
the given grid impedance (L., = 1.4mH).
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Fig. 7 Simulation result of SS with L., = 1.4mH (a) time domain
waveform of input current (b) frequency spectrum of input current with
the oscillation caused by the large grid impedance.

4. Conclusions

From the small-signal modelling method, the paper has
provided the accurate analysis sequence to investigate the system
stability in the presence of extra elements at the front end of the
converter. This method can predict the resonant frequency,
assisting control designers in avoiding these critical points. A case
comparison between two OBCs is studied to verify the analysis
method and investigate the oscillation in each system. In
conclusion, the inner current loop of the SS OBC demonstrates
greater stability, as its resonant frequency is not influenced by
external conditions. The conclusion drawn from analysis results
match with the observation of maintenance technicians.
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Fig. 8 The magnitude and frequency respond of conventional PFC’s minor
loop gain under the given grid impedance (L.,; = 1.4mH).

L7 (/)

-10
-20

@ Susceptible
@2kHz to outerloop

o control
(a)
- i t(/) ! High resonant
06 magnitude
Z: Match with
a ‘.the analysis
1k 2kHz 10k

Frequency (Hz)

(®)

Fig. 9 Simulation result of conventional PFC with L,,, = 1.4mH (a)
time domain waveform of input current (b) frequency spectrum of input
current with the oscillation caused by the large grid impedance.
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