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Abstract—Despite the great potential of power electronic trac-
tion transformer (PETT) in high-speed train, the issue of low-
frequency oscillation (LFO) is a concern. Unfortunately, current
studies assessing the low-frequency stability of the PETT often
oversimplify the dual active bridge (DAB) converter as a passive
circuit, which may lead to an unreliable analysis result. To clarify
this issue, this letter examines the mechanism of LFO in the PETT-
based train-grid system from the perspective of a DAB converter.
Specifically, a complete impedance model of the PETT is first
established by using the harmonic linearization method. Then, the
stability differences between simplified PETT and complete PETT
are investigated, and the impact mechanism of DAB converter on
the LFO is thoroughly revealed. The experimental test results verify
the correctness of modeling and analysis.

Index Terms—Dual active bridge (DAB) converter, harmonic
linearization modeling, low-frequency oscillation (LFO) analysis,
power electronic traction transformer (PETT).

I. INTRODUCTION

IN the high-speed train, substituting the line frequency trans-
former, the power electronic traction transformer (PETT)

consisting of cascaded H-bridge (CHB) rectifiers and dual active
bridge (DAB) converters is promising to improve the efficiency
and reduce the weight [1], [2]. Despite this, the PETT is burdened
by some stability issues due to complex interactions between
the PETT-based train and the traction grid. One of the major
concerns for the stable operation of PETT is referred to as the
issue of low-frequency oscillation (LFO) [3].

To explore the issue of LFO in the PETT, a double-input
double-output model is established in [3], where the dc–dc
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converter is equated to an RC circuit for simplifying analysis.
With this, the impacts of control parameters on the LFO are
investigated. Additionally, a simplified dq-frame model is devel-
oped in [4] to analyze the harmonic stability of the PETT-based
train-grid system, in which the DAB converter is equivalent to an
RLC load. A small-signal model of power electronic transformer
that neglects some dynamics of the ac–dc converter is established
in [5] to assess the stability of the cascaded system. Moreover,
an equivalent multiport circuit of the PETT is presented in
[6] to conduct the current and power analysis. Notice that the
PETT contains a two-stage structure, but the above works often
establish a simplified model for analysis and control. Especially
in terms of stability analysis of the PETT, the impact of the
DAB converter is negligible and it is often replaced by a passive
circuit. In experimental testing, however, it is found that the
low-frequency stability of the PETT-based train-grid system
is sensitive to the DAB converter, which is hardly reported
in current studies. Hence, the influence of the DAB converter
on the LFO of PETT-based train-grid system is not been fully
revealed. Due to this, the accuracy of stability analysis may be
limited, resulting in an overly optimistic result in practical PETT
applications.

Motivated by the above discussion, this letter presents a
new perspective for analyzing the low-frequency stability of
the PETT-based train-grid system. The main contributions are
introduced as follows.

1) A comprehensive impedance model of the PETT is first
developed by using the harmonic linearization method,
which is able to improve the accuracy of stability analysis.

2) A novel analysis method based on the DAB converter per-
spective is proposed, and the mechanism of how the DAB
converter affects the LFO of the PETT-based train-grid
system is thoroughly revealed.

II. HARMONIC LINEARIZATION MODELING OF THE PETT

The topology and control strategy of the PETT are given in
Fig. 1, which consists of N identical cells. In each cell of PETT,
u1, i1, and C1 are the dc-link voltage, current, and capacitor of
the rectifier, respectively. u2, i2, and C2 are the output voltage,
current, and capacitor of the DAB converter. Lr is the equivalent
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Fig. 1. Block diagram of PETT. (a) Topology. (b) Main control strategies.

leakage inductance of isolation transformer, and RL is the power
load. For the DAB converter with a single-phase-shift control
[6], the average transmitted power is described as

P = U1U2D(1−D)/2nfsLr (1)

where U1, U2, D, n, and fs are the reference values of u1 and
u2, the phase-shift ratio, the transformer ratio, and the switching
frequency of DAB converter, respectively. Based on the small-
signal perturbation method, the input and output currents of DAB
converter are described as{

î1 = U2(1−2D)
2nfsLr

d̂+ D(1−D)
2nfsLr

û2 = G1dd̂+G1uû2

î2 = U1(1−2D)
2nfsLr

d̂+ D(1−D)
2nfsLr

û1 = G2dd̂+G2uû1

(2)

where the superscript “^” represents small-signal expressions
of the corresponding variables. For the load circuit of the DAB
converter, the small-signal equation can be written as

û2 = î2 · ZL = ZLG2d · d̂+ ZLG2u · û1 (3)

with ZL = RL/(1+sC2RL). Based on the control strategy of the
DAB converter, as shown in Fig. 1, it meets

d̂ = − (kpdab + kidab/s) û2 = Gucû2 (4)

where kpdab and kidab are the control gains of the proportional
integral (PI) controller. Then, the impedance of the DAB con-
verter is deduced as follows by substituting (3) and (4) into (2)

Zdab =
û1

î1
=

1− ZLG2dGuc

(G1dGuc +G1u)ZLG2u
. (5)

Thus, in a cell of the PETT, the load of rectifier is denoted by
Yd = sC1+1/Zdab. Then, the main circuit of PETT is expressed

as {
Ln

din
dt = un −Rnin −Nmudc

min = Ydudc
(6)

where Ln, Rn, in, and m are the ac-side inductance and its
resistance, the ac-side current, and the modulation signal of CHB
rectifiers [7], respectively.

The harmonic linearization-based impedance modeling ap-
proach is attractive due to its advantage of easy measure-
ment. Thus, with a small sinusoidal perturbation, the frequency-
domain expressions of un, in, and m are expressed as

ûn = [0, U̇p, 0]
T, în = [0, İp, 0]

T, û1 = [U̇1−, 0, U̇1+]
T (7)

where the frequency element is f = [fp−f1, fp, fp+f1]T (fp is
the disturbance frequency and f1 is the fundamental frequency),
and U̇p, İp, U̇1−, and U̇1+ are the corresponding phasors. Hence,
based on the harmonic balance principle, (6) is modified as{

ûn −Znîn = U1m̂+Mû1

Inm̂+Mîn = Y dû1
(8)

where M, U1, and In are the Toeplitz matrix expressions for
the steady-state vectors of variables m, udc, and in. Moreover,
Zn and Yd are the diagonal matrix, i.e., Zn = diag[Zn(s−1),
Zn(s), Zn(s+1)] and Yd = diag[Yd(s−1), Yd(s), Yd(s+1)], with
the symbol s±1 meaning frequency shift s±jω1.

In the control strategy of the CHB rectifiers, a second-order
generalized integrator (SOGI) is used to generate the quadrature
signal. Then, through the Park transformation, the dq-frame
currents are expressed as{
îd=0.5İp[Hα(s+1)+jHβ(s+1), 0,Hα(s−1)−jHβ(s−1)]

T

îq=0.5İp[Hβ(s+1)−jHα(s+1), 0,jHα(s−1)+Hβ(s−1)]
T

(9)
where Hα(s) and Hβ(s) are the transfer functions of the SOGI
[4].

The output of dc-link voltage controller is the reference value
of the active current. Thereby, the expression of idref is given as
follows:

îdref =
[
−Hvc(s)U̇1−, 0, −Hvc(s)U̇1+

]T
(10)

where Hvc(s) = kpvc+kivc/s. kpvc and kivc are the proportional
and integral parameters of the dc-link voltage controller.

Based on the CHB control shown in Fig. 1, the dq-frame
modulation signals are given by{

md = −(idref − id)Hcc(s) +Kouiq
mq = −Hcc(iqref − iq)−Kouid

(11)

where Kou =ω1Ln/N and Hcc(s)= kpcc+kicc/s. kpcc and kicc are
the proportional and integral parameters of the current controller.
Correspondingly, the small-signal expressions of modulation
signals are written as follows:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
m̂d =

[
Hco(s)U̇1− + 0.5km1(s)İp, 0, Hco(s)U̇1+

+0.5km2(s)İp

]T
m̂q =

[
0.5km3(s)İp, 0, 0.5km4(s)İp

]T (12)
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where Hco(s) = Hvc(s)·Hcc(s), and km1(s)–km4(s) are the con-
version coefficient, presented in the Appendix.

Thus, the small-signal expression of m is further derived as
follows:

m̂ = Q1û1 +Q2în (13)

where Q1 and Q2 are the transfer function matrices, and they
are shown in the Appendix. Substituting (13) into (8), it yields

Zt = Zn +U1Q2 + (U1Q1 +M)

· (Y d − InQ1)
−1(InQ2 +M). (14)

Hence, the complete impedance model of PETT is given by

Zt(fp) = U̇p/İp = Zt(2,2) (15)

where Zt(2,2) represents the (2, 2)th element of the matrix Zt.
When the DAB converter is viewed as a passive circuit [3],

[4], the model of DAB converter can be expressed as

ZEdab(s) = 1/(sC2 + 1/RL) + sLr. (16)

Then, the simplified PETT model is expressed as Zteq by only
replacing Zdab with ZEdab. Also, if another topology of dc–dc
converter, e.g., LLC converter, is used in the PETT, the model
can be established by a similar substitution.

III. LOW-FREQUENCY STABILITY ANALYSIS OF PETT

Based on the stability criterion of the cascade systems, the
stability of the PETT-based train-grid system can be evaluated
by the phase margin (PM), i.e.,

PM = 180◦ − |∠Zg(jωf )− ∠ZPETT(jωf )| (17)

where Zg is the traction grid impedance, ωf is the frequency of
magnitude intersection, and ZPETT represents the impedance
model of the PETT. Separately, ZPETT is equal to Zteq for the
simplified PETT, and it is equal to Zt for the complete PETT.

For the simplified PETT, taking the proportional gain of
dc-link voltage control as an example, different values of kpvc are
traversed to identify the critical value of kpvc at which the system
becomes critically stable. Subsequently, the bode diagrams of
traction grid and simplified PETT with the variation of kpvc are
depicted in Fig. 2. Observations from Fig. 2 suggest that, in
the low-frequency range, the phase of traction grid remains 90°,
while the phase of simplified PETT varies with different kpvc.
More specifically, with kpvc being selected as 1.2, 1.5, and 1.9,
the PM of simplified PETT system is calculated as 5.4°, 2.8°,
and −0.4°, respectively. This represents the stability of system
decreases with increasing kpvc, in which the critical value is with
kpvc = 1.9. Similarly, to search the critical value of kpvc for the
complete PETT, Fig. 3 gives the bode diagrams of traction grid
and complete PETT with different kpvc. Obviously, the phase
of the complete PETT also reduces with kpvc increasing in the
low-frequency region. However, as kpvc increases to 1.1, the
phase of the complete PETT at the frequency of magnitude
intersection is about −90.3°, implying a PM of −0.3°. It can
be viewed as a critical stabilization of the system with kpvc =
1.1. Therefore, Figs. 2 and 3 express that the stability boundary
of the PETT-based train-grid system is amplified when using

Fig. 2. Bode diagrams of simplified PETT with the variation of kpvc.

Fig. 3. Bode diagrams of complete PETT with the variation of kpvc.

Fig. 4. Impedance characteristics of the DAB converter.

simplified PETT for stability analysis. For instance, when kpvc
= 1.2, the system is unstable with Zt for stability analysis, but
stable with Zteq for stability analysis. That indicates that the
DAB converter has a significant impact on the low-frequency
stability of the PETT.

To further reveal the mechanism of the above outcome, the
closed-loop impedance characteristics of the DAB converter are
depicted in Fig. 4 with the variation of kpdab. Fig. 4 shows that
the phase of the DAB converter decreases with kpdab increasing.
Notice that when kpdab ≥ 0.8, the phase of the DAB converter
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Fig. 5. Bode diagrams of complete PETT with the variation of kpdab.

is less than −90° in a wide frequency range, exhibiting neg-
ative impedance characteristics. This will pose a challenge to
the stability of the PETT-based train-gird system. To further
illustrate this, the influence of kpdab on the system is analyzed
in Fig. 5. Also, Fig. 5 displays that the proportional gain of DAB
converter affects the impedance of the complete PETT near the
fundamental frequency. Then, a variation in kpdab from 0.5 to
0.8 leads to a decrease in the phase of the PETT from −86.8° to
−92.9°. This represents that the PM of the PETT-based train-grid
system is changed from positive to negative, implying that the
system will be unstable.

Therefore, the above analysis has indicated that the negative
damping features of the DAB converter push the phase of the
overall PETT system into a negative damping region at the
intersection frequency, resulting in the issue of the LFO and
destabilization of the system. However, this effect cannot be
found in a simplified topology because the simplified DAB
converter is a passive circuit with always positive damping.
Moreover, it can be concluded from Figs. 2 to 5 that the LFO
of the PETT-based train-grid system is jointly affected by both
the DAB converter and CHB rectifiers. Hence, when the active
damping characteristic of the DAB converter is disregarded in
stability analysis of the LFO, it may lead to the inaccurate
analysis result.

IV. EXPERIMENTAL VALIDATION

In order to verify the correctness of modeling and analysis,
the experimental tests are conducted, where the setup of the
PETT is exhibited in Fig. 6 with the main parameters attached.
With the help of a frequency response analyzer Venable 6305,
the measured results and the analytical results of the PETT
impedance are plotted in Fig. 7. Based on the values given in
Fig. 7, the measured impedance and the theoretical impedance
demonstrate a high degree of consistency over a wide frequency
range. This confirms the accuracy of harmonic linearization
modeling for the PETT.

To clearly demonstrate the stability difference between com-
plete PETT and simplified PETT, a special testing method is
designed, presented in the Appendix. Accordingly, based on
the complete PETT, the proportional gain of dc-link voltage
controller is changed to verify the aforementioned analysis. In

Fig. 6. Experimental setup and main circuit parameters of the PETT.

Fig. 7. Measured value and analytical one of the complete PETT impedance.

Fig. 8. Test results of the complete PETT with the variation of kpvc.

detail, when kpvc is increased from 0.5 to 1.2, the test results from
Fig. 8 illustrate that the dc-link voltage exhibits low-frequency
fluctuations, and the ac-side voltage and current are oscillating
and distorting. Obviously, the LFO occurs in the PETT sys-
tem and the oscillation frequency is about 64 Hz. Then, the
oscillation situation restores a steady state as kpvc decreases,
which implies that the stability is improved. With kpvc = 1.2,
Fig. 9 displays the different test results for simplified PETT
and complete PETT. More specifically, when using a simplified
PETT, the test results manifest a stable state. However, as a
complete PETT is operated, the dc-link voltage, the ac-side
voltage, and the ac-side current express a characteristic of the
LFO in Fig. 9. This means that the LFO occurs in the complete
PETT but is not detected in the simplified topology, which
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TABLE I
COMPARISON BETWEEN THE PROPOSED METHOD AND CURRENT STUDIES

Fig. 9. Test comparison of simplified or complete PETT.

Fig. 10. Test results of the complete PETT with the variation of kpdab.

confirms that the use of a simplified DAB model may lead to an
unreliable analysis result in the PETT application.

In addition, Fig. 10 illustrates the effect of DAB converters’
control gain on the stability of PETT when kpvc = 1.2. It is
observed that the system is stable with kpdab = 0.4, whereas the
feature of the LFO is exposed with kpdab = 1.3. This suggests
that a high value of kpdab may lead to system oscillation.
Furthermore, it can be concluded from Figs. 8–10 that the issue
of the LFO in the PETT-based train-grid system is influenced
by both the CHB rectifiers and the DAB converter, which aligns
with the theoretical analysis.

A comprehensive comparison between the proposed analysis
method and current research is provided in Table I. Observa-
tions from Table I show that the existing studies result in a
limited accuracy of stability analysis due to equivalent mod-
eling or incomplete stability analysis. In contrast, this letter that
accounts for the influence of the dc–dc converter and undertakes
a thorough stability analysis enables to provide a comprehensive

understanding of the LFO in the PETT-based train-grid system.
Consequently, it yields more satisfactory results in stability
analysis.

V. CONCLUSION

This letter develops a novel perspective from a DAB con-
verter to analyze the low-frequency stability of the PETT-based
train-grid system, where the impact mechanism of DAB con-
verter on the LFO is thoroughly revealed through the estab-
lished harmonic linearization model. The analytical findings
and experimental validations have indicated that the LFO of
the PETT-based train-grid system is jointly affected by both the
DAB converter and the CHB rectifiers, and the use of a simplified
DAB converter will result in an imprecise analysis result. More
thoroughly, the DAB converter with a high control gain exhibits
negative damping characteristics, which push the overall system
into a negative damping region. This narrows the stability margin
of the PETT-based train-grid system and contributes to the issue
of the LFO.

APPENDIX

The conversion coefficients km1(s)–km4(s) are separately ex-
pressed as

km1(s) = Hcc(s) (Hα(s+1) + jHβ(s+1))

+Kou (Hβ(s+1)− jHα(s+1))

km2(s) = Hcc(s) (Hα(s−1)− jHβ(s−1))

+Kou (jHα(s−1) +Hβ(s−1))

km3(s) = Hcc(s) (Hβ(s+1)− jHα(s+1))

−Kou (Hα(s+1) + jHβ(s+1))

km4(s) = Hcc(s) (jHα(s−1) +Hβ(s−1))

−Kou (Hα(s−1)− jHβ(s−1)) .

The transfer function matrices Q1 and Q2 are given by

Q1 =
1

2

⎡
⎣ 0 Hco(s+1) 0

Hco(s−2) 0 Hco(s+2)
0 Hco(s−1) 0

⎤
⎦ ,

Q2 =
1

2

⎡
⎣ ki(s−1) 0 0

0 ki(s) 0
0 0 ki(s+1)

⎤
⎦
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Fig. 11. Simplified PETT topology used for experimental testing.

where ki(s) = km1(s−1)− jkm3(s−1) + km2(s+1) + jkm4

(s+1).
To intuitively make the stability comparison between com-

plete and simplified PETT, a special testing method is given.
In this method, the switches of the DAB converter are reused,
including two states. For the first switching state, all switches
of the DAB converter are triggered by normal control signals,
effectively representing the entire PETT circuit. For another
switching state, when only two switches S1 and S4 of the DAB
converters are turned on and others are turned off, this config-
uration without an isolation transformer is shown in Fig. 11.
Seen from Fig. 11, the dc–dc converters are regarded as LCR

circuit, which is regarded as the simplified PETT. Hence, by
multiplexing the switches, the PETT can be simply tested be-
tween complete and simplified topology.
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