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Abstract—This paper derives the closed-loop impedance
model for the typical three-phase active rectifier and
investigates the dominant factors influencing the converter
impedance below 150 kHz frequency range from the basic
performance (e.g., steady-state and dynamic performance)
and EMI perspectives. Therefore, the complete model-
ing process of the closed-loop impedance is described,
including the control analysis and impedance modeling.
The discussion of improving basic performances and EMI
performance for the power converter is proposed. More-
over, an advanced impedance measurement technique is
introduced. Finally, the validation of the derived closed
loop impedance model and the dominant influence analysis
for the three-phase rectifier are carried out in MATLAB
and PLECS.

I. INTRODUCTION

Impedance modeling of power electronics converters
has been studied for many years since it can characterize
many converter properties [1], [2]. The two main aspects
are the low-frequency related performance (e.g., har-
monic distortions below 2 kHz) [3] and high-frequency
related performance (i.e., above 150 kHz frequency
range) [4]. The low-frequency related performance con-
tains steady-state errors, dynamic performance, power
quality, stability, and so on. While the high-frequency

related performance is the Electromagnetic Interference
(EMI) characteristic, which critically determines the
power density of the power converter. That is, the
EMI filter are required in the commercial converters, to
comply with emission standards. The prior-art research
mainly focuses on frequency ranges above 150 kHz as
required in many standards (IEC standards) [5]. How-
ever, the disturbances caused by the range below 150
kHz increase a lot, especially along with the application
of wide bandgap devices in power electronics converters,
and the extensive penetration of power electronic con-
verters [6] and Mains Communication Systems (MCS)
[7], [8]. Therefore, the EMI performance for the power
converter below the 150 kHz frequency range is essential
to be characterized, where the Working Group (WG) 8
and joint working group (JWG) 6 of the IEC Technical
Committee 77A (TC77A) are standardizing consensus
compatibility and emission levels [9].

The nonlinear behavior of semiconductor devices
in power electronics converters is the culprit of noise
emissions, which always cover broad ranges of frequen-
cies (i.e., both the low-frequency harmonic and high-
frequency EMI) [10]. The research gap between 2-150
kHz creates a need to be investigated due to the large-
scale grid integration of renewable power generation
systems and advanced communication technology (e.g.,
Mains Communication Systems (MCS)). On one hand,
the renewable integration threatens the harmonic sta-
bility and power quality of the power grid, especially
connected to a weak grid (i.e., high grid impedance)
[11]. Thus, many impedance modeling techniques and
control methods have been proposed to characterize the
performance above 2 kHz considering the grid-connected
condition [10], [12], [13]. On the other hand, the EMI
emissions below 150 kHz draw more and more attention,
such as the investigation of conducted disturbance [8],
analytical modeling of 9-150 kHz EMI [14], and high-
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Fig. 1. Block diagram of the three-phase active rectifier with abc frame controller, where vgup. and igane are the grid phase voltage and
current, vype and i, are the phase voltage and current after the EMI filter, L¢ny and Ry, are the input filter and its equivalent series
resistance (ESR), S|.¢ are the semiconductor devices of the rectifier, V. is the DC-link voltage, Cy. is the DC-link capacitor, and Rjoad

is the output load.

frequency (2—-150 kHz) distortion measurement in low-
voltage networks [15].

The impedance behavior of the power converter is
determined by the passive components (e.g., the input
EMI filter, and the grid impedance) and parasitic com-
ponents as well as the closed-loop control. That is the
controller design is a solution to adjust the impedance
behavior of the power converter, ensuring good steady-
state and dynamic performance [16]. Thus, it is vital to
characterize the converter impedance performance within
the frequency range below 150 kHz to have a trade-off
between control and EMI filter designs. For instance,
literature [17] discusses the impedance analysis of the
single-phase PFC converter in the frequency range of 0-
150 kHz from the power quality and EMI performance
perspective [18]. Thus, this paper will further highlight
the importance of the closed-loop impedance modeling,
and analyze the dominant factors relating to the con-
verter impedance below 150 kHz frequency range from
control performance and EMI perspectives. Moreover,
the research objective is the three-phase active rectifier,
which is typical and widely used in many fields (i.e.,
such as EV chargers, motor drives, UPS systems, etc.)
[16].

The control analysis and closed-loop impedance mod-
eling in the stationary frame linear current regulator have
been presented in Section II. The impact factors for
the converter impedance have been discussed in Section

III, such as controller parameters, delay time, PLL, and
passive components. In addition, Section IV proposed an
advanced impedance measurement technique and its im-
plementation process. Validation of the analytical model
and measurements is carried out in Section V. Finally,
Section VI gives the conclusion.

II. CLOSED-LOOP IMPEDANCE MODELING

Fig. 1 shows the schematic of the three-phase active
rectifier as well as the closed-loop control block in the
stationary frame, i.e., abc linear control. The schematic
presents the grid source, the grid impedance, the EMI
filter, the converter input filter, the six-switch boost
three-phase active rectifier, and the output capacitor
and load. Moreover, the abc frame control adopts the
typical double closed-loop controller, i.e., the voltage
control outer loop and the current control inner loop.
The voltage error from the comparison of the DC-
link voltage reference and feedback (V. and Vg.) goes
through a voltage controller GGy, and then generates
the amplitude of the reference current I}, .. Combined
with the phase angle 0, the reference current i . is
achieved and goes through a current controller GG and
the converter gain Kpwy to obtain the duty cycle of
abc phases, outputting control signals for switches by
the pulse width modulation (PWM). The phase-locked
loop (PLL) and the feedforward part are optional parts



discussed in the following, when the active rectifier
operates under different conditions.

Since the voltage controller GG, impacts the impedance
in a very low-frequency range, and couples with the PLL
in the abc frame, the impact factors of G, and PLL will
be discussed separately. Thus, the basic current closed-
loop transfer functions are derived firstly as below:

G(op_c == G(c G"d K, PWM G1P

Gop_c _ G .GaKpwmGp
Gopct+1 GGaKpwmGp + 1

where Gop ¢, G are the open loop and closed loop
transfer functions of the current controller, respectively,
G4 is the delay part caused by the sampling and mod-
ulation, and Gp is the transfer function of the con-
verter plant. The current loop controller G. adopts an
advanced proportional-integral (PI) controller with the
low-frequency suppression, avoiding the impact of the
DC bias generated by the current sensor (i.e., the zero
drift). It can be expressed as

ey

Gcl_c - (2)

kii
S + wq

Gc = kpi +
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where k;,; and k;; are the proportional and integral param-
eters, respectively, and ws is the parameter determining
the frequency range of the low-frequency suppression.
It should be noted that wg is less than the grid angle
frequency, i.e., wy = 27f,, and f, = 50Hz. Thus, the
current controller can work well in the sinusoidal system
of 50 Hz in practice. Compared to the proportional
resonant (PR) controller, the advanced PI controller is
less sensitive to the grid frequency, which means less
affected by frequency accuracy.

Moreover, the converter gain Kpwy and Gp are
decided by system parameters. Kpwy is Va./2 in the
three-phase active rectifier, and the system plant is

1
Gp= ——— 4
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Fig. 2. Block diagram of SRF-PLL.

Thus, the closed-loop transfer function is

V(ic(kpis‘i’kpiws+kii)Gd
2(s+ws)(Lews+R1)
Viae (Kpis+kpiws+kii ) Ga +1
2(S+WS)(LchS+RL)
which can be used to analyze the bandwidth and stability
of the three-phase active rectifier.

Gcl_c = (5)

A. Basic closed-loop impedance

According to the current controller (the red part) in
Fig. 1, the transfer function equation can be derived as

Iabc

Gp

where Vip(s) and I(s) only represent the voltage
and current of one phase in the abc frame (e.g.,
Vave(8)/Iave(s) = Va(s)/Ia(s)). Thus, the closed-loop
impedance can be achieved as

Vive — (igpe + Tave) GeGaKpwm =

(6)

‘/abc 1
Zin = = — GaK, 7
Te.  Co + GcGaKpwm (7
Among Eq. 7, the transfer function of the delay is
Gg=e T (8)

where Ty is the delay time.

B. Closed-loop impedance with PLL

When considering the PLL part, the closed-loop
impedance can be built as

G% + G .GaKpwm
I G G.GaKpwm

‘/zlbc o

= 9
Iabc 1+ ( )

ZinlpLL =

In the three-phase active rectifier, the synchronous ref-
erence frame phase locked loop (SRF-PLL) is adopted,
as shown in Fig. 2. The SRF-PLL regulator composes
of a PI controller and an oscillator, and the input grid
voltages are measured and transformed by Tipc/aq.- The
transfer function of Hprp (s) is expressed as

Eipn )} (10)
5’5

Hpri(s) = (kppn +

where kpp and ki are the control parameters of the
PI controller in Fig. 2. Since the impact factors are
discussed one by one, the transfer function of the PLL
(i.e., Gprp) is defined as an uniform expression without
considering the coupling of the grid voltage when the
grid impedance is zero [19].

1 Hp(s)

) = S T Vo (5)

(1)

where V}, is the amplitude of the grid voltage.
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Fig. 3. Double loop block considering the outer loop DC plant,
where G,_gc is the transfer function of the DC plant.

C. Closed-loop impedance with G,

Fig. 3 simplifies the control block diagram when
considering the outer voltage controller. The open loop
transfer function can be expressed as

Gop_v = GVGCI_C GP_dc

According to Figs. 1 and 3, the transfer function equation
of the closed-loop voltage controller can be depicted as

(12)

V;chP - ((‘/dt + IachP_dc)Gv +Iabc)Gop_c — labc (13)

And the closed-loop impedance can be derived as

‘/:le _ 1+ Gop_c + Gop_chGP_dc

Zinloy = 14
[¢ T, o (14)
in which the voltage controller is the typical PI controller

kiv
Gv = kpv + — (15)

s

And the transfer function of the DC plant is

3V
Gp o= 77— 16
P_dc 4% . Cdcs ( )

where Vg here is considered as a constant value, being
equal to the reference DC link voltage. It should be
noted that the coupling of the DC link voltage outer loop
and the current inner loop is neglected since only one
factor (i.e., the outer loop voltage controller) has been
considered in the closed-loop impedance.

D. Closed-loop impedance with passive components

Referring to the effect of the passive component
(e.g., the grid impedance or EMI filter), the closed-
loop impedance should integrate the input impedance of
the passive component into the developed Z.,, models
following Middlebrook extra element theorem [20]. As
shown in Fig. 4(a), the closed-loop impedance consider-
ing the passive component can be derived as:
14 Zm

ZoPoo
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Fig. 4. Circuit Schematic of the impedance measurement in the
three-phase active rectifier, (a) impedance measurement considering
passive components, and (b) impedance calculation with different
connections.

where Z,, is the closed-loop impedance of the power
converter, Zips, 1S the input impedance of the passive
component with the output port open, Zyp~ the output
impedance of the passive component with the input port
open, and Z,py the output impedance of the passive
component with the input port shorted.

It should be noted that the result of the impedance
measurement are different when the neutral point has
different linking ways. As shown in Fig. 4(b), when the
neutral points of the grid, the passive component and
the converter are connected, the measurement impedance
Zinm 1s equal to Vipe(s)/Iave(s) = Va(s)/Iu(s). While
Zinm 1s equal to 1.5Vype(8)/Lanc(s) = 1.5Vi(s)/La(s) if
all the neutral points are floating.

III. PERFORMANCE ANALYSIS

To investigate the dominant factors influencing the
converter impedance below 150 kHz frequency range,
the system parameters of the three-phase active rectifier
are shown in Table I. It should be noted that only
one factor will be changed at once when analyzing the
impedance and basic performance.

A. Control performance

As to control parameters, the bode diagrams of the
open loop transfer function of the current and voltage
controller are shown in Fig. 5. The control parameters al-
ways impact the basic performance in dynamic response,
stability, power quality, and control accuracy, which
have been described in bandwidth (Bw), phase margin
(Pm), total harmonic distortion (THD) and steady-state
error (Err). It can be shown in Fig. 5(a) both £y
and k;; affect the bandwidth of the current controller,
being positively correlated and kp; acts the dominant



TABLE 1
SYSTEM PARAMETERS OF THREE-PHASE ACTIVE RECTIFIER

Symbol Parameter Value
Vave, Va Grid phase voltage 230 Vrms
Ve DC link voltage 800 V
fe Grid frequency 50 Hz
Leny Converter boost filter 2 mH
Ry ESR of Lcpy 0.2 Q
Clc DC link capacitor 1000 uF
fs switching frequency 20 kHz
T Sampling time 1/40000 s

Rioad Load resistor 80 Q

role. Moreover, large kp; and k;; will generate current
oscillations on the converter filter, decreasing the THD of
tabe- ki determines the steady-state error since the error
of 11% can be achieved in Fig. 5(a). Fig. 5(b) shows
the bode diagram of the voltage controller. It illustrates
that the outer voltage controller can almost remove the
steady-state error, and the control parameters only impact
the dynamic performance of the rectifier. Actually, the
control parameters of the double-loop controller should
be regulated together to achieve an optimal dynamic and
steady-state performance [16].

B. Impedance performance

Figs. 6-8 illustrate the closed-loop impedance of the
rectifier based on Eqgs. 7, 9, and 14 analytical models.
The main factors discussed for the impedance perfor-
mance in this paper include control parameters, the PLL,
the delay, and passive components as follows.

(1) Control parameters: Fig. 6 shows the analytical
closed-loop impedance model with different control pa-
rameters. The basic impedance model (only considering
the current control loop) as Eq. 7 is presented in Fig. 6a,
which shows that the control parameters of G impact the
impedance performance in the frequency range of 0-20
kHz (below the switching frequency ). While Fig. 6(b)
draws the impedance with the DC-link voltage controller.
It can be seen the parameters in (G, can change the
impedance in the frequency below 1 kHz.

(2) PLL: According to Eq. 9, the closed-loop
impedance with the PLL has been shown in Fig. 7(a). It
can be illustrated that the impedance performance in the
frequency range of 0-4 kHz is related to the parameters
in the PLL. Inevitably, the PLL will impact the low-
frequency stability of grid-connected systems [19].

(3) Delay: The delay part exists in the practice in
the control period, e.g., controller computation, sampling
and modulation. It should be considered when designing
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Fig. 5. Bode diagram of the open loop transfer function with
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the controller to avoid the stability issue. Fig. 7(b)
depicts that the delay impacts the impedance in the
frequency range of 200 Hz-20 kHz, in which the delay
time 7y is several times the sampling period T5.

(4) Passive components: The input passive compo-
nent of the three-phase active rectifier considers the grid
impedance and the EMI filter. From the perspective of
CM noise suppression and rectifier stability, the control
and EMI filters should be designed together according
to specific system technical requirements. Besides, the
controller design will leave a certain margin for the
grid impedance, which means the rectifier can operate
under certain conditions of weak grid. It can be seen
in Fig. 8 that the passive components (both the grid
impedance and EMI filters) dominates the impedance
behavior in the frequency range of 2-150 kHz. Moreover,
Fig. 8(b) illustrates the EMI filter impacts the stability
since the resonance point and its damping change along
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Fig. 6. Effect of control parameters on the closed-loop impedance
of the three-phase rectifier, (a) different current control parameters
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with different EMI filters.

IV. IMPEDANCE MEASUREMENT

Before validating the analytical models of the closed-
loop impedance for power converters, an improved fast
impedance measurement method is presented. Fig. 9 (a)
shows the flowchart of the impedance calculation. The
first step is setting the multitone signal at the input of
the three-phase active rectifier as depicted as Fig. 4.
Then, the data of the input voltage and current (both in
simulation and experiment) are captured to calculate the
input impedance in the frequency domain by MATLAB
FFT function.

As to the injected signal, a multi-tone signal is
selected with multiple frequency points to achieve fast
frequency sweeping in a large frequency range. Fig. 9 (b)
presents the time and frequency domain waveforms of
the multi-tone signal, which contains 46 frequency points
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Fig. 7. Impact of the PLL and the delay on closed-loop impedance
of the three-phase active rectifier, (a) different control parameters in
the PLL (kppn and Eipy), and (b) different delay times ( Ty).

covering up to 150 kHz frequency range. The multi-tone
signal can be expressed as:

NLOHCS
2
Uinj(t) = 4/ I z sin(wit + Ox) (18)
tones k:].
12
wr = 2k i, O — L) (19)

Ntones

where Nynes is the frequency points, f, is the base
frequency. In fig. 9(b), Nones is equal to 46, and fy is
chosen as 53 Hz to avoid interference with the three-
phase active rectifier (the grid frequency f, is 50 Hz).

V. VALIDATION

Validation of the analytical closed-loop impedance
models has been carried out alined with the dominant
factors in Section III.B. The three-phase active rectifier
system (with the parameters in Table I) is simulated in
PLECS as well as the advanced impedance measurement.
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The validation results are shown in Figs. 10-12, in
which the measurements agrees well with the analytical
models in Figs. 6-8. Fig. 10 shows the validation per-
formance under different control parameters, in which
there is a slight mismatch in very low frequency when
kpy and k;, are high. It reveals that the coupling be-
tween the outer voltage control and the inner sinusoidal
current control cannot be neglected with some control
parameters ranges. Since the three-phase active rectifier
is widely used in grid-connected systems, the PLL must
be considered. Fig. 11 shows the comparison of the
measurement and the models with different parameters
(Kppit and Kipy) in the PLL and different delay time (75).
The frequency range of the impedance impacted by those
two factors is below the control frequency range, which
means the controller can intervene the impactness.

To further validate the accuracy of the closed-loop
impedance model with passive components, two more
measurements including the grid impedance and the EMI

Perturbation signal (multi-tone):
Frequency points Niones
Base frequency f;
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multitone
Measurement
uin(t), iin(t)

Zin(f) = l]m(f) /Im(/)

Data measurement and saving
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Fig. 9. Advanced impedance measurement technique, (a) flowchart
of impedance calculation in MATLAB, and (b) injected signals.

filter are conducted. Fig. 12 (a) shows comparative re-
sults when the grid impedance is involved, which reveals
that the input passive inductor L = L, + L,y dominates
the impedance behavior beyond the bandwidth of the
controller, and and the boost inductor dominates behavior
untill its phase reaches +90 degrees. Fig. 12 (b) is the
result that a one stage EMI filter as shown in Fig. 4 is
placed in front of the three-phase rectifier. As explained
in Eq. 17, applying Middlebrook theorem the effect of
the EMI filter is included in the impedance model. It
can be seen the EMI filter inductance dominates the
impedance behavior at higher frequencies (i.e., 2-150
kHz).

VI. CONCLUSION

In this paper, the closed-loop impedance modeling
process for the three-phase active rectifier is developed
considering the control calculation delay, the PLL, the
inner current control loop, the outer voltage controller,
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and the passive components. Considering the upcoming
emission standard, the investigations of the dominant
impact factors for the impedance behavior are focused
on frequency range below 150kHz. That can guide how
to adjust the impedance to avoid its adverse effect on
the emission/signals within different frequency ranges.
Moreover, an improved impedance measurement is pro-
posed to fast capture the impedance information in a
wide frequency range. The investigation of impedance
of the three-phase rectifier, is done on a control system
implemented in the abc frame, and future investigations
could be extended to dg and o3 frames.
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