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Abstract: As new electric power conversion equipment, a multi-port power electronic transformer
(MP-PET), including a power electronic converter, high-frequency transformer, and multiple ac or dc
interconnection interfaces, has a broad application in the hybrid distribution network. However, high
integration and a large number of energy storage devices has led to very a high-order model of the
system. To address this issue, a reduced-order small signal model of MP-PET is established in this
paper. By taking the participation factors of the system mode to the state variables, the reduced-order
model is derived based on the state variables, which are highly correlated with the dc voltage
dominant mode. Compared with the full-order model, the proposed reduced-order model is accurate
enough and simplified, and the validity of the simplified model is verified against simulations on
a 10 kV/3 MVA MP-PET. The simulation results indicate that the proposed reduced-order model
coincides well with the dynamic performance of the MP-PET.

Keywords: multi-port cascaded H-bridge power electronic transformer; reduced-order small signal
model; participation factor; modal analysis; stability analysis

1. Introduction

With the increase of distributed renewable energy, dc power load and different types of multi-energy
power generation systems that are connected to the power grid, the dual-port power electronic
transformer applied to the traditional ac distribution network has gradually failed to meet the access
requirements. Meanwhile, the multi-port power electronic transformer (MP-PET) has a variety of
electrical ports, which could be connected to different types of power, energy storage, and load
equipment. Thus, it has broad application prospects in this field and has attracted the attention of
domestic and foreign research scholars in recent years [1-6]. In [1], a three-port PET topology was
proposed and an experimental prototype was developed. The ac ports in the PET are interlaced
through the dc node to realize the energy interaction between different ports. In [2], a new multiport
ac/ac topology that can achieve low harmonic distortion and high-efficiency was presented. In [3,4],
the authors used a multi-winding transformer to construct multi-port topology based on multiple
active bridges. This topology requires fewer high-frequency transformers and has a better power
density. In [5], a multiport PET topology that was applied to the low-voltage dc bus was proposed
and the circuit of each port is connected to the dc bus through the isolated dc-dc converter. In [6],
a multi-port PET based on a multi-fed dc bus at the input stage, which can be connected to multiple
high-voltage ac power grids, was proposed.

However, MP-PET is a high-order nonlinear system, and accurate linear modeling is a necessary
precondition for system stability analysis, feedforward control and parameter optimization design.
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At present, a relevant literature search on multi-port ac/dc interconnection system linearization
modeling has been carried out [7-14]. In [7], a general method of small signal modeling based on a
dc grid module was proposed for the three-terminal Voltage Source Converter High Voltage Direct
Current (VSC-HVDC) transmission system. This divides the dc network into three modules: ac
system, converter and dc system. Each module is connected through a certain transformer matrix
so as to construct the small signal model of the whole system. In [8], a global small signal model is
developed for VSC-HVDC applied to the passive network. Based on this model, the model analysis
method is used to analyze the system stability, and the sensitivity analysis method is proposed to
identify the factors of the system instability. In addition, [9] built a dynamic small signal model of
VSC-HVDC to get the open-loop transfer function, and a damping controller was designed in terms
of pole assignment technology, which could effectively suppress the low-frequency oscillation and
increase the system damping. In [10], a mathematical model that can be used to analyze the small
signal stability of large multi-terminal HVDC networks was introduced. Not only could the model
describe the electromagnetic transient of the converter ac side and dc grid in detail, but it could
also incorporate basic HVDC controllers such as current, dc voltage, and active and reactive power
controllers. In [11], the six-order linearization model of the three-terminal dc distribution system
was constructed and the global additional controller was designed. Furthermore, simulation results
show that the proposed model could describe the dynamic process of the system as well as judge the
boundary conditions in the system stabilization. In [12], the general nonlinear state space model of dc
grid under a master-slave control strategy was not only derived but they also provided a small signal
modeling method for multiterminal dc transmission and the dc power grid. In [13], a nonlinear state
space model of a dc grid composed of VSC was established so that it could carry out the modal analysis
of the dc grid by linearization of the nonlinear model. In [14], the modularization method was used to
build a small-signal model for the two-terminal HVDC transmission system, and the effects between
predictive control and proportional-integral-differential control on system stability were compared.

To sum up, in order to describe the dynamic behavior characteristic of the whole system in detail,
most existing studies have usually established a small signal model based on the full-order linearized
state equation. Although this method can completely retain all the modal information of the system,
the derivation process is tedious and calculation is complicated, which leads to a very high-order model.
Thus, the full-order model is not only difficult to directly explain the dynamic mechanism of the system
but cannot be used to guide the structural design and parameter optimization of the control system as
well. In fact, it is not necessary for stability analysis to keep all the variables in the system. As dc bus is
the only energy transfer channel between the various ports of MP-PET and the stability of bus voltage
is an important prerequisite for maintaining the power balance of the system, the dc link voltage,
which can determine the working characteristic of the converter, is the most important indicator of the
system [15-18]. In [15], by establishing the state-space average model of the dc micro-grid, the influence
of control parameters on dc voltage stability was analyzed and the reasonable control parameters
could effectively ensure the system stability. In [16], the stability problem of a single-load dc system
was discussed in detail. It was found that the dynamic load switching is an important cause of dc
voltage oscillation. Furthermore, [17] focused on the stability of a dc microgrid with droop control; the
stable operation conditions for the microgrid were obtained by a small perturbation approximation.
In [18], they authors, based on the principle of power balance, established the small signal model of
a converter in the multiterminal dc system, and the order reduction model of the system was also
constructed. According to this, in the small signal modeling of the system, the order could be reduced
by removing the redundant information that is not related to the dc bus voltage.

Considering the concerns above, this paper takes MP-PET as the research object to build a
reduced-order small signal model. Firstly, the state-space average method is used to establish a
full-order small signal model in order to explore the dc link voltage transient response under load
fluctuation. Secondly, the state variables, which are strongly correlated with the dc bus voltage domain
motion mode, are identified using participation factors. Thirdly, based on the eigenvalue analysis
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method, the reduced-order small signal model is proposed. Finally, it is precisely compared with
the full-order model and the electromagnetic transient simulation model by describing the dynamic
response of dc bus voltage. This paper is organized as follow. Section 2 builds the full-order small
signal model of MP-PET including the main circuit and the system controller. On this basis, Section 3
simplifies the mathematical model through eigenvalue analysis and proposes a reduced-order small
signal model of MP-PET. In Section 4, simulation results are provided to verify the accuracy of the
reduced-order model. Finally, the conclusions are drawn in Section 5.

2. The Full-Order Small-Signal Model of MP-PET

Figure 1 shows the topology structure of cascaded H-bridge MP-PET, which consists of three
parts: input stage, isolation stage, and output stage. The input stage adopts the cascade structure of
power submodules, which can reduce the voltage tolerance level of switching devices in each power
submodule. Meanwhile, the voltage and current on the input side can be operated with the same
phase through effective control. The isolation stage adopts resonant dual-active-bridge (DAB) topology
to provide an interface for dc load and the energy can bidirectionally flow through power control.
When the DAB operates in open-loop resonant mode, its internal switching devices can realize the
zero-current-switching (ZCS) so as to reduce power loss and improve system efficiency. The output
stage connects each independent bidirectional dc-dc converter directly in parallel with the dc bus to
the load side. To sum up, a three-port circuit is provided in this paper that can connect to different
types of power, energy storage, and load equipment. Furthermore, it is worth mentioning that this
topology is designed for practical engineering and has already been put into operation.

POSITIVE
CONVERTER DC PORT

IImEeaEde K it 1

AC PORT o-mm-
P

IMEIEIEIE I
NEGATIVE : PePORT
CONVERTER SUBMODULE

Figure 1. The circuit topology of MP-PET.
2.1. PET Small Signal Modeling Analysis

The resonant DAB high-frequency link in Figure 1 can be equivalent to a first-order RL circuit [19]
by means of the current average method as shown in Figure 2, where Req = T Rioss/S, Leg = T2 Les/4.
Rjoss shows the leakage resistance of the DAB and Lyes represents the resonant inductor of DAB.
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Figure 2. The equivalent circuit topology of DAB in the PET.

As shown in Figures 1 and 2, Ls, Rs represents the grid side inductor and resistor, respectively.
Ceq indicates the equivalent capacitor from the converter side to the ground and Lg, Rg represents the
bridge arm inductor and resistor. The DAB is modeled by an inductance Leq, a resistance Req and
capacitor Cq, Cp, which indicates the primary and secondary capacitance values of the transformer.
In this paper, the PET single-phase circuit is taken as an example for modeling and analysis. Based on
the KVL and KCL circuit laws, the stage equations can be listed as (where j represents phase a, b, c)

d(ii up + ij tow) dij
J-up T 7 _low . . J-up .
tj = Ly — Ry(ii_up + i 1ow) = Lg—= — Ry up = 5j_upitet-upN 1)
. d”clj_up
ljfupsjfup - ClT = Ig_up ()
. . d”c2j_up
I up ~ Mjup = CZT (3)
digj_up )
Uclj_up — Uc2j up = LeqT + Reqlcj_up 4)
di;
j_sum .
Uj—Ls ar Rslj_sum =7 &)
. , . dy;
4 sum = Zj_up + lj_low + Ceqa (6)

where the subscript “up” and “low” represent the positive and negative converter, respectively. The subscript
“sum” represents a common coupling side of the two converters. Furthermore, uj, j; stands for the grid side
voltage and current, respectively and vj shows the ac voltage of the converter. In the DAB, i indicates the
equivalent dc current of the DAB and u.q, uq represents the capacitor voltage of the input and output
stage. In addition, N shows the number of bridge arm submodules. S shows a modulation reference wave.
wrepresents the grid angular frequency and i;; means the load current.

The d—q axis transformer for the above equations and small signal linear analysis, which is
equivalent to the above variables as x = X + X, are performed. X indicates the steady state component
and x represents the small disturbance component. The system state equations can be obtained as:

3 ~ ~ — - ducl,up ~
E(Id_upsd_up + mMg_upld_up T Iq,upsq,up + mq,uplq,up) -3C; dar = 3lc,up ()
T >y du, 2
Bic_up =3It up = 3C2— g ®)
_ _ 3dic_up _
Buc1_up — 3Ucx_up = LeqT + Req3ic_up )

—_ d?d ~ ~ — —_
U4 — LgTW + Lgwiq up = Rglg uyp = N [Mref_d_up + ucLupmd_up] (10)

— di - - — —
g~ Lg—g7~ — Lgwiq_up — Rgiqup = N [“refquup + ”cl_upmq_upl
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dld
—Ls Sum + LsCU1q sum — Rsld sum — Ud (11)
dz _Sum —
Mq Ls—g— q - stzdfsum - Rslq_sum =7q
ld _sum — ld _up + ld _ow T Ceq dt - Cequq (12)
lq sum — 1q up + lq low + Ceq dt — Ceqwug
where:
_ ud+CULs(Iq7up+Iq low) Rs (Icl up+ld low) + CULqu,up_RgId_up
Md_up = NUgc1
Uq-wLs (I4_ up+1d o CB —Rs (Iq up+lq 1ow) _ wlglg up+Rglq up
Mq_up = NUga NUgar

By converting Equations (7)—(12) into matrix form, the PET modeling can be written as follows:

— = Ax+ Bu 13
where: . . . _
7= ic _up Id_up Zq up Ecl_up i‘chup Ic_low !d_low
q low ucl _low MCZ low id_sum iq_sum (& Uq
a’: [ iL_up uref_d_up uref_q_up Z'L_low ]
Uref d_low uref_q_low uq uq

where X represents state variables and u indicates input variables, which provide a controller interface.
The expression of A and B are shown as following where the matrix coefficients can be found in the

A1 0 A13 B11 0 0
A=| 0 Ap Axp [B=| 0 Bxpn 0

Az Az Ass B33

Appendix A:

2.2. Control system Small Signal Modeling Analysis

As shown in Figure 3, this paper adopts the d-q decoupling double closed-loop control strategy.
The output loop is a dc bus voltage feedback loop and the inner loop is a grid current feedback loop.
Therefore, the PET control system has six PI controllers, which means having six state variables (each
converter has three). Among them, the voltage loop has one state and the current loop has two.

Figure 3. The diagram of the d-q axis decoupling double closed-loop control strategy.

Where the small signal equation of state can be listed as:

dx; ~

4 = ki (14)
dv, ~
d_tz = (x1 — Kp_vilge — ld)Ki,i (15)
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dxs -
T = laKi (16)
_ U4 =X~ (551 — Kp_vitge _FZi)Kp_i +iqwL
Uref d = N 17)
. F0~q - X3 +_l:qu i —Ai'da)L
Uref q = N F (18)

where Kp, v, Kj_y, Kp_i, Kj_j represent the controller coefficient of PET.
The state space equation of the controller system can be converted by Equations (14)—(18) into the
following form:
{ & = A+ Bl (19)
Ye = Cexe + Deute
where:
’J‘CJC = [ }1 ’3?2 36}5 yll ’9?2/ }‘3/ ]

Ue :[ id_up iq_up Udc_up Z'cl_low iq_low Udc low U4 Uq]

Ye :[ uref_d_up uref_q_up Uref d_low Z’lref_q_low ]

where X, represents state variables of the control system. i, Y. indicates input and output variables of
the control system. The expression of A, B¢, C¢, D can be found in the Appendix A.

The state space equation for the whole system can be obtained by combing Equations (13) and (19),
which is expressed as follows:

dx — ui
T A 0 X Bi By O —
dt 1 2
— = —_ 2

where B; contains the 2,3,5,6 column vectors of B and B, contains the 1,4,7,8 column vectors of B, where
both are 14 X 4 matrices. 1 contains the 2,3,5,6 variables of 1 and %, contains the 1,4,7,8 variables of u,
where both are 14 X 1 matrices.

By introducing a matrix E, the equation can be described as:

Fi[l = ~c = Ccﬁfc + DC?’[C
{ T = Ex (21)
Then, putting Equation (21) into Equation (20), we get the final state equation.
dx =
& A+BD.E BiC x By |~
dt c c
S Z 22
E A E e

where:

2 :[ Z’L_up iL_low Uq Uq ]

All of the matrix coefficients can be found in the Appendix A.

3. The Reduced-Order Small-Signal Model of MP-PET

In order to quickly and effectively analyze the dynamic response on system dc bus voltage, this
paper uses the participation factor analysis method to establish a reduced-order small signal model
based on the full-order mathematical model, which is derived from Section 2. It makes the order
reduce from 20 to 10 (50%). Hence, the simplified model could not only precisely describe the dynamic
behavior of the dc bus voltage but also greatly reduce the computational complexity of the system
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model. Furthermore, it should be specially explained that the small signal simplified model obtained
by the traditional method [18] is based on the steady-state power balance relationship of the converter,
which cannot accurately reflect its dynamic performance. In this paper, a new simplified small signal
model is constructed by using instantaneous variable theory. The model has the same order as the
traditional reduced-order model, but the description of the dc voltage motion modes is more accurate.

3.1. PET Small Signal Model Eigenvalue Analysis

Modal analysis based on the system linearization model is a very effective method for small
signal stability analysis of a power system [20]. It could offer much important information, such as
participation factors that provide the research foundation for a model reduction. As participation factor
is an important parameter that could measure the influence of each state variable on the eigenvalue
and reflect the relative participation of each state variable to the motion mode described by a certain
eigenvalue, it is necessary to extract the eigenvalue that has a dominant influence on the dc bus voltage
by parameter factor analysis, and select the state variables that have a strong correlation to the above
eigenvalues. In summary, the reduced-order model of PET contains all state information related to the
dominant mode of the dc bus voltage that serves as the reference for model simplification.

oA,
Pri = =— = PikPik (23)

&akk

where py; represents participation factors, A; shows the eigenvalue root, ay indicates diagonal elements
of the state matrix, i and @jx represent the left and right normalized eigenvector elements, respectively.
Considering the normalization of eigenvectors, the sum of participation factors associated with any
motion mode or state variable is equal to 1. Thus, with increasingly higher participation factors,
the degree of participation is higher.

As shown in Table 1, substituting parameters from Table 2 into Equation (23), the eigenvalues
and the participation factors of PET have been calculated. Besides, Figure 4 presents the distributed
situation of the eigenvalues which shows that the PET eigenvalues can be classified into eight groups.

Table 1. The eigenvalues of MP-PET

Characteristic Root Value
A, Ao —53.32 + 31738.43i
A3, A —322.49 + 30873.29i
As —45609.81 + 0i
A6 —46450.81 + 0i
A7, Ag —1628.59 + 6403.34i
A9, Ao —1587.14 + 6303.85i
M1 —1028.17 + 0i
A2 -1001.67 + 0i
M3 -107.92 + 0i
A4 -107.89 + 0i
A5 —50008 + 0i
Me —50008 + 07
Ay -2+ 0i
}\18 -2+ 0i
7\19 -1.99 + 0i

A0 -1.99 + 0i
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Table 2. Main circuit parameters of MP-PET.

MP-PET Configuration Value
Rated apparent power [MVA] 3
dc voltage [V] 1900
The line to line voltage of grid (RMS) [kV] 10
Number of submodules per arm 5
Number of redundant submodules per arm 1
Grid side inductance [mH] 1
Arm inductance [mH] 10
CHB capacitance [mF] 1
DARB capacitance [mF] 1
Resonant inductance [p1H] 20
Resonant capacitance [uF] 50
Resonant frequency [kHz] 5
CHB switching frequency [Hz] 800
Transformer ratio 1:1
S
3 O
2l
LF pesd
Eo o0 G0
53

'
w
i*d

Rod

-2500 -2000 -1500 -1000 -500 0 500
Re

Figure 4. The eigenvalues spectrum of MP-PET.

According to the participation factors listed in Table A1, it can be known that the first group of
characteristic roots A1, A, mainly affect the g-axis current and g-axis voltage state variables at the grid
side. The second group of characteristic roots A3, A4 influence the d-axis current and voltage state
variables at the grid side. The third group of characteristic roots As, A¢ have a strong correlation with
the d-axis current of the bridge arm and the dc bus voltage state variables from the DAB primary side.
Meanwhile, the fourth group of characteristic roots Ay, Ag, Ag, A1g mainly affect the equivalent dc current
of the resonant circuit and the state variables of dc bus voltage from the primary and secondary side.
The fifth group of characteristic roots A11, A12, A13, A14 mainly influence the internal state variables of the
dc voltage control loop and state variables of dc bus voltage. The sixth group of characteristic roots A1,
A16 are highly relevant to the g-axis current state variables of the bridge arm. Furthermore, the seventh
group characteristic roots A1y, A1g mainly affect the internal state variables of the d-axis current control
loop. The eighth group characteristic roots A1g, Ayg mainly influence the internal state variables of the
g-axis current control loop. In conclusion, the characteristic roots that have a strong correlation with
the dc bus voltage are As, Ag, A7, Ag, Ag, A1, A1, A12, A13, A1a. Thus, when the reduced-order model
contains ten motion modes corresponding to the above ten characteristic roots, it can accurately reflect
the dynamic voltage response of the dc bus of PET under external perturbation.

In addition, according to Table Al, the system state variables iq , and iq jow have a strong
correlation with the characteristic roots As, A¢. The state variables i._up and i_jow are connected with the
characteristic roots Ay, Ag, Ag, A1g. The state variables x1 and x;- have an influence on the characteristic
roots A1, A1p, A13, A14. Hence, in order to maintain the precision of the reduced-order model, it is
necessary to retain the above six state variables and ignore the remaining variables to ensure that the
reduced-order model of MP-PET contains the relevant state information related to the solution of the
dominant characteristic roots As~A14.
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3.2. PET Small Signal Model Simplification

According to the analysis in the previous section, the state variables that have a low correlation
with dc bus voltage should be excluded. Thus, the capacitance—voltage and current state variables
from the grid side are ignored, which means the LCL filter branch is simplified to a pure inductance
structure. Furthermore, the reduced-order model should also ignore all the state variables associated
with the g-axis and the inner loop of the controller system. To sum up, the small signal model can be
simplified as follows:

did_up

I[cl - (Lg + LS)T - (Rg + Rs)’ivd_up =N [aref_d_up + I[cl_upmd_up] (24)
3 = - dacl_up >d
E(Id_upsd_up + md_upld_up> -3C; ar = 3lc_up (25)
-y T dﬁcz, P
Bic_up = 3ir,_up = 3czT“ (26)
_ — 3dic_up -
Buc_up = 3Ucx_up = Leq ar + Req3ic_up (27)
dx; —
= = “HacKiy (28)
—~ gd - (5{1 - K1[)_\7;[dc _Fllvd)Kp_i
Uref d = N (29)
where:
B ud - RS(Id_up + Id_low) - Rgld_up
M NUga
By converting Equations (24)-(27) into a matrix.
dx -~
5 = AT+ Bl (30)

The state variables and input variables, respectively, are shown as follows:

T = ic_up id_up Ucl_up U2 up
ic_low id_low Ucl low U2 low

u :[ iqup Uref d_up iL_low Uref_d_low ]

The expression of the matrix coefficients from Ag and Bs can be found in the Appendix A:

Agqr 0 ] [ Bsit O ]
Ag = s Bs =
s [ 0 Ag |[° 0 Bs»

The state space equation of the controller system can be converted by Formulas (28) and (29) into
the following form:
{ % = AscXc + Bsclic (31)

yc = Csc;{c + Dsc;[c

where:
=[5 %

U = [ id_up Udc_up id_low Udc_low ]
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Ye = [ Uref d_up Uref d_low ]

The expression of Asc, Bsc, Cse, Dsc can be found in the Appendix A.

The simplified PET small signal model and the controller model are combined into a state space
equation which can be written in the form of Equation (20).

Bg1 contains the 2,4 column vectors of Bg and Bg, contains the 1,3 column vectors of Bg, which are
both 8 X 2 matrices. 1 contains the 2,4 variables of  and 1, contains the 1,3 variables of i, which are
both 2 X 1 matrices.

By introducing a matrix E;, the final state equation can be described as Equation (22). All of the
matrix coefficients are shown in the Appendix A. Furthermore, according to the above equation, it can
be found that the participation factors analysis method can reduce half of the model order, which
greatly reduces the computational complexity of the system.

4. Simulation Results

In order to verify the accuracy of the full-order and reduced-order mathematical model analyzed
in Section 3, the full-scale simulation of MP-PET has been implemented. The main circuit parameters
are presented in Table 2, which were designed based on the actual project.

In this simulation model, the input stage adopts the double-loop decoupling control strategy of
the cascaded H-bridge, where the outer loop is the dc bus voltage feedback control loop and the inner
loop is the grid current control loop. The isolation stage adopts an open-loop control strategy and the
high-frequency voltage is 50% duty cycle square wave.

4.1. Case I: Model Verification by Load Step

The MP-PET operates at a rectified state and the grid releases 2.28 MW active power and 0 MW
reactive power. Meanwhile, the dc output rating voltage is 1900 V and the active power absorbed
by each DAB submodule from the ac network is 76 kW. When the system runs to 0.2 s, the load of
the positive converter is raised from 1.14 MW to 2.28 MW and the load of the negative converter
is constant.

The calculated results and the simulation results are presented in Figures 5-7. When the system
runs to 0.2 s, the dc bus voltage and grid current produce a transient fluctuation, which is caused
by a load step. Then, each variable begins to enter a steady state and stay near the rating value.
Furthermore, it is shown that the reduced-order small signal model and the full-order small signal
numerical results have a high consistency with electromagnetic simulation results where err indicates
the percentage of the maximum error relative to the simulation result.

1910

simulation
cale-full
1905 - cale-simp
1900
Zz
:"’ 1895 err:0.015%
err:0.014%
1890 - > |
| P
1885 - I
L
1880 1 1 L 1
0.16 0.18 0.2 0.22 0.24 0.26

Time/s

Figure 5. The waveform of input dc bus voltage (load step).
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1905 T T T . .
simulation
cale-full

1900 |- cale-simp

1895 -

= 1890
H
=]
~ 1885~ erri0.014%
R N err:0.013%

1880 - I A

| 7N

1875 L 1

1870 ! : L !

0.16 0.18 0.2 0.22 0.24 0.26
Time/s

Figure 6. The waveform of output dc bus voltage (load step).

250 T T T

simulation
cale-full
cale-simp
200 - I~ 7 1
I N
1~ N
-«
So 1501 - 5 -
."/’
100 - s erri0.63% A
7 erri047%
50 1 L L L
0.16 0.18 0.2 0.22 0.24 0.26
Time/s

Figure 7. The waveform of the grid current peak value (load step).

4.2. Case 1l Model Verification by Power Inversion

In this simulation, the MP-PET has the same steady working operation as Case I. When the system
runs to 0.2 s, the load of the positive converter is changed from 1.14 MW to —1.14 MW and the load of
the negative converter is constant.

Figures 8-10 present the results of the dynamic performance on dc bus voltage and grid current,
respectively. When the system runs to 0.2 s, the load changes from 1.14 MW to —1.14 MW, which causes
transient fluctuation of the system state variables. As shown in the above three figures, the theoretical
calculation results are consistent with the simulation results so as to verify the effectiveness of the
small signal model proposed by this paper. In the above figures, err represents the percentage of the
maximum error relative to the simulation result.
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Figure 8. The waveform of input dc bus voltage (power inversion).
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Figure 9. The waveform of output dc bus voltage (power inversion).
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4.3. Case III Model Contrast Verification
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In this simulation, the results of the dc bus voltage dynamic performance from the different
reduced-order model are presented in Figure 11. In this figure, err stands for the percentage of the
maximum error relative to the simulation result.

As shown in Figure 11, because the traditional model is based on the steady-state power balance
relationship of the converter, it cannot accurately reflect the dynamic performance of the dc bus
voltage. However, compared to the traditional reduced-order model, the proposed reduced-order
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model constructed by using instantaneous variable theory has higher precision. Therefore, the accuracy
of the reduced-order small signal model established by this paper is well verified through simulation.

1910 T T T

simulation
cale-traditional
1905+ ——calc-proposed
1900
Z
21895+
-
1890 - _ p
I - -~ fitacedl err:0.2%
| - err:0.01%
1885 | | g
1880 5 ! - L
0.16 0.18 0.2 0.22 0.24 0.26
Time/s

Figure 11. The waveform of input dc bus voltage (contrast model).

5. Conclusions

This paper takes MP-PET as the research target to build a full-order small signal mathematical
model in the d-q rotating coordinate system by using the state space average method.
Furthermore, the model interface between the controller system and converter is provided so as
to combine it into one state space equation. Based on the equation, the small signal model is simplified
through the eigenvalue participation factor analysis method. It reduces the order of the model by
50%, which greatly reduces the computational complexity of the system. Meanwhile, it can reduce the
number of sensors to lower the cost of the system and simplify the complexity of the system controller
design under the same effects. Compared with the full-order model, the proposed reduced-order
model is accurate enough and simplified, and the validity of the reduced-order small signal model
is verified against the electromagnetic transient model. The simulation results show that both the
full-order and reduced-order small signal models coincide well with the dynamic performance of the
dc bus voltage, which verifies the correctness and effectiveness of the theoretical analysis above.
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Appendix A. Matrix Coefficient

All/ A22, A33, A13, A23, A31 A32 are the subarray of the matrix A.

Reg 1 1 Req 1 1
B N T 00 g g
R mgN Rg mgN
0 - -1 0 0 - o -F= 0
5 R, m %\l & R m %\I
All = 0 —w _L_: _Lq_g 0 A22 = 0 —w _L_: _Lq_g 0
1 ma g 0 0 1 mg Mg 0 0
G 2  2G 1 2G,  2G
Z 0 o0 0 0 Z 0 o0 0 0
2 A A

00 0 O
-3 -+ 0 00 L o 00 0 00
o B oo 1 L 0 0 0 00
Az = L I T =A3=10 0 0 - An=An=|, -2 0 00
eq eq
0 & -0 0 8 8 8 8 0 0 -& 00
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B11, By, B3 are the subarray of the matrix B.

0 0 0 )
N 1
o - 0 L (1)
N —_—
Biy=Bp=| 0 "I, |Bs= 0 %S
0 Iq ICl
2Uga1C1 - 2Uga Gy 0 0
-+ 0 0
L 2

A¢, Be, Ce, D, represent the matrices of the controller system.

0O 00 0O 0O 0 0 -K;i v 0 0 0 0 0
K; 00 0 00 K; 0 K. K; 0 0 0 00
Ao = 0 00 0 O OBc: 0 =K ; 0 0 0 0 0 0
0O 00 0 0O 0 0 0 0 0 Ki v 0 0
0 00 Ki; 00 0 0 0 K 0 —KpvKi; 0 0
000 0 00 0 0 0 0 —Ki; 0 00
K,y -1 0 0 0 0 Kpi wL KpvKpi O 0 0 1
C. = % 0 0 -1 0 0 0 D.—1 —wL Kp i 0 0 0 0 0
0 0 0 -Ky; -1 0 Nl 0 0 0 Kpi oL KpvKpi 1
0 0 0 0 0 -1 0 0 0 -wL Kp 0 0
E is the transformation matrix.
01 0 000 O0O0O0OOOTO OO 0O
001 00OO0OO0OO0ODDO0ODODOO0OO0ODO
0001 0O0OO0OO0ODO0ODO0OO0OTQO0OTO0ODO0
E_ 0 00OO0OO0OO0OT11O0TU0DO0OO0OO0OTO0ODO
0 000OO0OO0OOT11TO0O0OO0OO0OTO0ODO
0 000OO0OO0OOO0OT1TO0O0OO0OTGO0ODO
0 0O0OO0OO0OO0OOOTODOOOOT1TO
L0 00O 0OO0OO0OO0O0O0OO0OO0OTO0OT 01

Ag11, Agpp are the subarray of the matrix As. Bg11, Bgpp are the subarray of the matrix Bs.

_Re 1 _1 0 0
Leq Leq Leq N
0 _ Rgt+Rs  mgN 0 0 L.

Ag11 = Asp = . er;lj Le  LgtLs Bs11 = Bspo = 0 Iq. up
1(31 2C, 0 0 . 2ud(c)lcl
0 0 0 -2

Asc, Bse, Cse, Dsc represent the matrices of the reduced-order model for controller system.

0 0 0 -Ki, 0 0
Asc:[ ]BSC:[ - ]

00 0 0 0 _KLV
Csc = l[ _Kp_i 0 ]Dsc = l[ KP—i KP_iKP—V 0 0 :|
N[ 0 =Ky N[ © 0 Kpi KpiKpy

Es. is the transformation matrix for the reduced-order model.

o O O O
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o O O O
S O O O
S = O O
- o O O
o O O O

14 of 16

_= O = O



Energies 2019, 12, 2130

Appendix B. Participation Factor

Table A1. Participation factor value of MP-PET.

15 of 16

A1 A2 A3 Aq As As A7 Ag A9 A10 A11 A2 A13 A A15 A16 A17 A1s A19 A20

iciup 0.0000 0.0000 0.0003 0.0003 0.0005 0.0004 0.2587 0.2587 0.2580 0.2580 0.0172 0.0159 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
id_up 0.0009 0.0009 0.0061 0.0061 0.5543 0.5394 0.0121 0.0121 0.0107 0.0107 0.0191 0.0183 0.0002 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
iq,up 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.0376 0.0376 0.0000 0.0000 0.0000 0.0000
Ucl_up 0.0017 0.0017 0.0118 0.0118 0.0516 0.0399 0.1629 0.1629 0.1487 0.1487 0.2910 0.2837 0.0303 0.0302 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Uc2_up 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1172 0.1172 0.1207 0.1207 0.3211 0.3131 0.0310 0.0309 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
ic low 0.0000 0.0000 0.0003 0.0003 0.0005 0.0004 0.2587 0.2587 0.2580 0.2580 0.0172 0.0159 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
ig 1ow 0.0009 0.0009 0.0061 0.0061 0.5543 0.5394 0.0121 0.0121 0.0107 0.0107 0.0191 0.0183 0.0002 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
iq_low 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0376 1.0376 0.0000 0.0000 0.0000 0.0000
uc1 1ow 0.0017 0.0017 0.0118 0.0118 0.0516 0.0399 0.1629 0.1629 0.1487 0.1487 0.2910 0.2837 0.0303 0.0302 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
U 1ow  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1172 0.1172 0.1207 0.1207 0.3211 0.3131 0.0310 0.0309 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
id_sum 0.0729 0.0729 0.4744 0.4744 0.0061 0.0000 0.0179 0.0179 0.0000 0.0000 0.0267 0.0000 0.0000 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
iqisum 0.4491 0.4491 0.0692 0.0692 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
4 0.0701 0.0701 0.4555 0.4555 0.0128 0.0000 0.0008 0.0008 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Uq 0.4491 0.4491 0.0692 0.0692 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
X1 0.0000 0.0000 0.0000 0.0000 0.0001 0.0001 0.0009 0.0009 0.0008 0.0008 0.0624 0.0627 0.5613 0.5610 0.0000 0.0000 0.0002 0.0002 0.0000 0.0000
Xp 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0002 0.0000 0.0000 0.5002 0.5002 0.0000 0.0000
X3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.1691 0.1690
X1 0.0000 0.0000 0.0000 0.0000 0.0001 0.0001 0.0009 0.0009 0.0008 0.0008 0.0624 0.0627 0.5613 0.5610 0.0000 0.0000 0.0002 0.0002 0.0000 0.0000
X 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.5002 0.5002 0.0001 0.0001
X3/ 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1690 1.1690
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