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Average Periodic Delay-Based Frequency Adaptable
Repetitive Control With a Fixed Sampling Rate and
Memory of Single-Phase PFC Converters

Seunghoon Baek
and Jih-Sheng Lai

Abstract—This article proposes an average periodic delay-based
repetitive controller for power factor correction (PFC) converters
undergoing grid frequency variations. When the grid frequency is
changed, a conventional repetitive controller requires an interpo-
lation method or additional memory to achieve frequency adapt-
ability. Furthermore, frequency adaptability can also be realized
using a variable sampling frequency; however, this requires addi-
tional computation effort and a multirate digital control system. In
this article, with a fixed sampling frequency and memory length,
the proposed repetitive controller, which generates the average
periodic delay unit, maintains its harmonic compensation perfor-
mance under grid frequency variations. In the proposed method,
the control variables are updated depending on the phase of the
grid voltage to reflect the grid frequency deviations in the average
period delay unit. Because no complicated software modification is
necessary, the proposed scheme can be easily plugged in the existing
control algorithm. The theoretical analysis and stability issues of
the proposed scheme have been discussed in detail to ensure stable
operation and disturbance rejection. Both the simulations and the
experiments on a 1.5-kW PFC converter have been carried out to
verify the effectiveness of the proposed repetitive control.

Index Terms—Average periodic delay length, digital current
control, frequency variations, harmonic distortion, power factor
correction (PFC) converter, repetitive control.

I. INTRODUCTION

ARIOUS power conversion systems have been widely
V used in grid-connected applications and distributed gener-
ation systems such as photovoltaic, wind power, and uninterrupt-
ible power supply (UPS) systems using dc—ac or ac—dc power
converters [ 1]-[4]. In order to supply high quality electric power
in such applications, well-designed controllers are essential, and
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numerous control strategies have been developed. Meanwhile,
traditional linear control methods such as a proportional-integral
(PI) and a proportional-resonant (PR) controller have been
commonly adopted for commercial and industrial applications
owing to their simplicity and ease of implementation [5]-[10].
However, in some cases, they cannot compensate for high order
harmonic components because of their limited control band-
width. Several control strategies, such as deadbeat predictive
control [11]-[13] and hysteresis control method [14], [15], have
been introduced to address this limitation. Although they can
provide a fast response, the parameter sensitivity of deadbeat
control in [11]-[13] and the variations of switching frequency
for the hysteresis control in [14] and [15] are concerns.

On the other hand, repetitive controllers (RCs) have been
popularly employed to compensate for the periodic tracking
errors [16]-[21]. Based on the internal model principle, RCs
can achieve nearly zero steady-state tracking error for high
order harmonics. Accordingly, a conventional RC (CRC) is
suitable for grid-connected applications where a periodic current
or voltage error occurs. One significant limitation of CRCs,
however, is that they cannot avoid a fractional delay (FD), which
not only degrades the compensation performance of the CRC
but also causes instability issues when the fundamental grid
frequency f, varies. To overcome this limitation caused by
the FD, RCs should be able to adapt to varying grid frequen-
cies. Regarding this issue, several studies have been conducted
[22]-[37]. In [22]-[28], the repetitive control schemes with the
variable sampling rate were proposed to deal with f, variation.
However, along with the adaptation for frequency change, the
sampling rate should be continuously updated to ensure the
fixed integer number of memory allocation. Variable sampling
method can be realized through a multirate digital control sys-
tem, but it is difficult to implement in a fixed sampling rate
control system. Also, this method has a tradeoff between the
disturbance rejection and overall system stability. In [29], a
spatial repetitive controller using the phase sampling technique
has been proposed. It can help in achieving dynamic change of
the sampling frequency for RC, but it has the inherent problem of
the variable sampling method as mentioned above. In [30]-[33],
Lagrange-interpolation-based FD filter has been employed to
enhance the frequency adaptability for the active power filters
and the grid-connected inverters. Though it exhibits acceptable
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Fig. 1. Response to abnormal frequencies and frequency ride-through require-
ments in IEEE 1547-2018 [38].

performance for frequency variations with a fixed sampling rate,
the allowable frequency range is limited by the sampling rate and
the number of memory blocks (e.g., 49.5-50.5 Hz, where 50 Hz
is nominal grid frequency). Also, it needs 16 multiplications
and 12 summations to calculate the interpolation coefficients in
every cycle.

Recently, the RC proposed in [34] extends the frequency
adaptive range using an improved FD filter design. However, it
requires 50% more memory usage than the CRC, and this entails
an additional computation effort for the 3rd order Lagrange in-
terpolation coefficients, which should be updated every cycle. A
bandwidth-based RC scheme was proposed in [35]. By enlarging
the magnitude response near the control frequency, it could deal
with the frequency deviation. However, it cannot be fully peak-
ing the gain of the RC, so that normal regulation performance
is not as good as CRCs. In [36] and [37], an angle-based RC
was presented for torque ripple reduction in permanent magnet
synchronous machines. Although it could mitigate the torque
ripple in an extended frequency range with the fixed-sampling
rate and memory length, a detailed description and analysis were
not clearly stated.

Fig. 1 shows the IEEE 1547-2018 standard which specifies the
abnormal frequencies and frequency ride-through requirements
[38]. In Fig. 1, it is confirmed that the power converters’ opera-
tion capability should be in the frequency range of 57-61.8 Hz,
where 60 Hz is the nominal grid frequency. This indicates that in
order to meet the grid standard requirements, an RC scheme that
can be applied in spite of a wide range of frequency variation
should be considered.

To this end, this article proposes an average periodic delay-
based RC scheme with a fixed-sampling frequency and without
additional memory usage for enhancing the frequency adaptabil-
ity in a wide frequency range from 57 to 63 Hz. In accordance
with the grid frequency of the phase-locked loop (PLL) output,
the memory allocation (under the fixed sampling frequency) is
updated, and an average periodic delay unit is generated for the
proposed RC. In a way, it seems like the phase sampling tech-
nique suggested in [29] for the frequency adaptive capability;
however, there is a big difference that the overall proposed RC
scheme in this article operates at a fixed sampling frequency.
Also, followed by [36] and [37], this article analyzes the op-
eration principle of the frequency adaptive RC and the design
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Fig. 2.  Single-phase three-level PFC converter.

procedure using the average periodic delay scheme. Based on
this analysis, it is possible to use 50% less memory than the
CRC methods. Compared to previous frequency adaptive RC
methods, the proposed RC method can be not only implemented
in the existing control platform of a fixed sampling rate but
also realized with the reduced number of memory usage. This
makes it possible to design an effective software architecture
and cost-effective alternative.

The rest of this article is organized as follows. In Section II, the
modeling of the single-phase three-level power factor correction
(PFC) converter is performed, which is utilized to determine the
control gain with the proposed method. Then the limitation of the
CRC under a frequency variation is discussed. The proposed RC
is presented to deal with the frequency deviations in Section III.
The detailed design procedure and performance limitation of the
proposed RC for stable operation is discussed. In Sections IV
and V, both simulation and experimental results are provided
including the comparison with the CRC to demonstrate the
performance of the proposed RC. Finally, Section VI concludes
this article.

II. CONVENTIONAL REPETITIVE CONTROLLER FOR
GRID-CONNECTED PFC CONVERTERS

Fig. 2 shows the circuit diagram of a single-phase three-level
PFC converter, which is used to regulate the dc-link voltage V,
across the load resistance R,. In this study, the three-level PFC
topology has been employed due to reduced switching losses
and lower voltage ratings for the switching devices compared to
a conventional two-level PFC converter [39], [40]. The converter
comprises two active switches, S, So, four diodes D1—D,, and
two dc-link capacitors whose capacitances are Cy.. Here, S; and
So operate in a complementary manner. When S, is turned ON for
a positive half cycle, the grid current i, flows through the filter
inductor Ly, Sz, and D3. At this instant, the magnetic energy is
stored in Ly. If S5 is turned OFF in the positive half cycle, the
stored energy in L ¢ is released via 1 and D . A similar analysis
can also be performed for the operation of the converter in a
negative half cycle of the grid voltage v,,.

Fig. 3 depicts the control block diagram of the single-phase
PFC converter, where Giq(s) is control-to-inductor current
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Fig. 3.

Control block diagram of the single-phase PFC converter.

model and Gy;(s) is inductor current to dc-link voltage trans-
fer function. To regulate the dc-link voltage V,, the outer PI
voltage controller G.(z) generates the peak magnitude of the
current reference |7, |. Subsequently, the peak is multiplied by
the rectified and normalized output of the PLL to achieve unity
power factor. An all-pass filter (APF)-based single phase PLL
algorithm [41] is used in this study. For the APF-based PLL, an
optional low-pass filter is used to adapt the APF to frequency
variations. To ensure accurate reference tracking as well as
rejection of harmonic distortions, a feedback current controller
is necessary. Here, both the PI Gp;i(z) and the CRC G, (%)
are employed as an example. Alternatively, Gp;(2) can also be
replaced with other structure, e.g., a PR control scheme, but
this may not alter the results of the analysis performed in this
study. Also, a feedforward term dg with the gain kg is added to
compensate the grid input admittance effect, so that the burden
of feedback controllers can be significantly mitigated.

A. Modeling of the Power Stage

By assuming a large enough capacitance Cyc, the dc-link can
be considered as voltage source. Then, the average control-to-
inductor current model of the converter shown in Fig. 2 can be
written as a first order form [21], [42] as follows:

Vo/2
Gid(s) = Sl{f .

Equation (1), which is also called as the high frequency
approximation form, exactly models critical high frequency
ranges, and simplifies the controller design. By using (1), the
control-to-inductor current model in the z-domain can be derived
as

ey

TV, /2 1
G;j = —_—
alz) Ly z(z-1)
where T represents the sampling period. In (2), the zero-order
hold transformation and z ~ ! are used to model the PWM update
and the unit calculation delays [10], [43]-[45], respectively, as
shown in Fig. 3.

@)

B. Current Controller for the PFC Converter

The PI current controller is discretized using the backward
Euler method as follows [45]:

Gpi(2) = kp + kTsz/(z— 1) 3)
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Fig. 4.  Frequency responses of Giq(z), Tia(z), and Gpi(2).

where £, is the proportional gain and £; is the integrator gains.
From Fig. 3, the open-loop gain of the current control system
is given as

Tia(2) = Gpi(2)Gia(2). “4)

The design procedure of the PI controller is to determine the
crossover frequency f. and the phase margin ¢,, of Tiq(2).
Considering the time delay caused by the digital calculation
and the PWM update, the relationship between the maximum
achievable f. and ¢,,, is obtained as follows[6]:

© T 2r x 1.5T,°

Here, ¢,, is chosen as 50° for a fast and stable response,
allowing for a slight overshoot. Then, f, is obtained as 1.4 kHz
by using (5). Once f. and ¢,, are determined, the control gains
of the PI current controller can be easily calculated [6]. Fig. 4
represents the frequency response of the current control loop
gain with the given phase margin and the crossover frequency.

For the CRC, the digital plug-in repetitive controller [21] is
adopted. The CRC requires N (= fs/2fs nom) memory blocks
where f; nom is the nominal value of the grid frequency f,.
Here, the repetitive controller G, () is expressed as follows:

&)

L~N+L
P1—2Ng(z)

In (6), g(z) is the stabilization filter of the RC method, and
L represents the number of phase leading samples necessary
to compensate the digital and propagation delays [21], [22].
Practically, considering the digital delay of 1.57%, L is chosen
as 2. Also, a zero phase delay low-pass filter is employed for
q(2) as follows:

Gip(2) =k (6)

q(z) =0.252 4+ 0.5+ 0.252 1. (7)

C. Performance Degradation of CRC Under
Frequency Variation

In [23]-[37], the drawbacks of the CRC were analyzed with
regard to the frequency variations. According to the afore-
mentioned studies, the gain of Grp(z) decreases considerably
as the grid frequency changes. Eventually, the CRC may no
longer provide harmonic compensation due to the insufficient
gains of Gy, (%) at abnormal critical frequencies. Besides, the
CRC, which is not designed to address frequency variations,
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Fig. 5. Magnitude of G,p(z) under grid frequency variation when
krp = 0.024.

TABLE I
SYSTEM PARAMETERS

Specification Value
Output power (P,) 1.5 kW
Filter inductance (L)) 1.3 mH
Output capacitance (Cy.) 2.4 mF
Grid voltage (v,) 220 Vims

Grid frequency (f;) 57 ~63 Hz

DC-link voltage (V,) 700 V
Switching frequency (f5,) 20 kHz

Sampling period (7}) 50 us

Proposed Average Periodic Delay-Based
Repetitive Controller

Fig. 6. Proposed repetitive current control block diagram of the single-phase
PFC converter.

may cause a stability problem. Fig. 5 shows the magnitude
response of G, (z) around the harmonic frequencies, where Af
is percentage of the nominal grid frequency. For the analysis,
the system parameters which are listed in Table I and the gain of
repetitive controller k., is 0.024. As shown in the figure, when
1% variation of the grid frequency occurs, the RC magnitude at
first-order harmonic frequency (at 120 Hz) decreases from 38 to
—3dB.

III. PROPOSED AVERAGE PERIODIC DELAY-BASED
REPETITIVE CONTROL

A. Operation Principle

To address the limitations of CRCs with regard to frequency
adaptability, an average periodic delay-based RC is proposed
as depicted in Fig. 6. The proposed method consists of three
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parts: normalization, quantization, and the CRC. In the figure,
T and T;, represent the fixed and variable intervals for iteration.
A detailed discussion for 7; and 7), will be presented later in
this section. Before starting the analysis of the proposed RC,
two constraints are stated as follows by considering a practical
aspect of the implementation in a digital controller.

Constraint I: The iteration of the proposed RC is synchro-
nized to the fixed sampling period 75 in a general digital con-
troller, and T is also identical to the switching period. This
means that the normal periodic interrupt or the corresponding
timer structure of the microcontroller or field-programmable
gate array should not be altered, and no variable frequency
sampling is allowed.

Constraint 2: The performance of the proposed RC relies
on the accuracy of the memory sampling instant. Even if there
are sampling mismatches between ideal and practical sampling
instants, the control loop including the proposed RC should be
stable.

If fs is properly selected for fg nom Without introducing the
fractional order problem reported in [23]-[37], the number of
the samples N in the proposed method is written as

_fs 1
B 2fg7nom B Ts x 2fg,nom

N ®)

where N is an integer number.

Assume that the PLL can extract the phase information ac-
curately at the steady state regardless of the grid frequency.
Then, the phase angle 0, obtained from the PLL ranges between
0 < 6, < 2nrad. The normalization process produces the nor-
malized angle 6 with respect to 6, and N as

0,

)
In fact, Nis also considered as the number of memory blocks in
the algorithm. According to the aforementioned range definition
of Oy, the maximum value of @ is close to but less than N,
as shown in Fig. 7(a). Subsequently, through the quantization
process, the normalized and quantized index n,, is given as

nm = floor (6x) (10)
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Fig. 8.  Memory update flow of proposed RC scheme.

where floor(x) returns the nearest integer less than x as shown
in Fig. 7(b). Equation (10) indicates that n,, can be a positive
integer ranging from O to N — 1. Using (9) to (10), the phase
angle expressed in radian is easily converted to n,,, with no unit.
In the proposed RC, the memory update is synchronized to the
changing moments of n,,, and the iteration of the RC algorithm
occurs whenever the change of the index n,, is detected. Here,
T, is defined as the update interval of n,,. If T, denotes the
inverse of f;, n,, changes N times in 0.57} according to (9) and
(10). Then, the relationship among T,, N, and T}, can be written
as follows:

0.5T7y = N x T,. (11)
By substituting (8) into (11), 7}, can be expressed as
T, =T, x @. (12)

fs

From (12), T and T’ are equal when f, is the same as f mon-
In this case, the proposed RC operates in the same manner as
the CRC. However, if f, deviates from f; nom, 15 and T, are
no longer matched, and this may violate Constraint 1, because
there could be a sampling mismatch which had been explained in
Constraint 2. Fig. 8 shows the flow chart of the memory update
for the proposed RC where the calculations and the memory
update occur at every fixed sampling period 7. Accordingly, the
proposed RC is also susceptible to the fractional order problem,
but the impact of this problem on the regulation performance
of the proposed RC is relatively trivial compared to that in the
CRC. This will be further elucidated in the following sections.

B. Sample Delay and Advance Phenomenon

To show this phenomenon, the proposed RC can be compared
with the varying sampling RC [22]-[29]. Fig. 9 compares the
memory update processes of the proposed RC and the RC that
employs variable sampling, where the number of memory blocks
is selected to satisfy N(= fs/2fs nom), fo (= 2Nfy) is the
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Fig.9. Sample delay and advance in the memory update under f, variation.

variable sampling frequency, and T, (= 1/f,) is the variable
sampling period considering the variation in f,.

1) Sample Delay (f, < fs): When f, is below the nominal
value, the variable sampling frequency f, should be less than
fs to retain the entire number of memory blocks. Although the
sampling operation of the proposed method should be ideally
performed with f,, the actual control action is synchronized
with the fixed sampling frequency fs, as discussed earlier. In
this case, the sampling delay, where the memory update cannot
be triggered by the n,,, until the beginning of the next period 7,
occurs naturally. In other words, the periodic delay block and
the memory update for the proposed RC comprise two types of
unitdelay z; ~'and zo ~ ' (= z; ~2).

Here, the number of memory blocks N can be selected to limit
the delay element to 27 as follows:

05fs S 2Nfg7min (13)
where f, min is the allowable minimum frequency.

2) No Sample Delay and Advance (f, = f,): When f is equal
to the nominal frequency, f, is the same as fs. In this case, the
operation of the proposed RC is identical to that of the CRC.
Under this condition, the periodic delay unit (z ~ ") for the RC
consists of only the multiples of the single unit delay z; ~ '
This means that the proposed RC can be operated without being
affected by the fractional order problem. As shown in Fig. 9, the
memory update of the RC is the same for both the proposed RC
and the variable sampling RC, which is an ideal case for RCs.

3) Sample Advance (f, > f;): When f, becomes higher than
the nominal value, the variable sampling frequency f,, should be
larger than f;. Similarly, it has the occurrence of sample advance
due to discrepancy between f, and fs;. As shown in Fig. 9, a
partial sampling loss is observed in the triggering process (unit
delay, z; — 1).
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To avoid the partial memory loss due to the sample advance
effect, the number of the memory blocks N should be limited as
follows:

2Nfg,max < fs

where f;_max represents the maximum allowable grid frequency.
By considering the sample delay, the G, () of the proposed RC
can be expressed as follows:

(14)

-n
2z 1

Grp (2’172) = k‘ L

P22, 2g(210)

2=z = el¥Ts,
21,2 = ;
> 29 = 6j2WT5,

-ng I, -ni-2n9 I,
2o TZ12 2 21,2

q(:? 1,2)
without the sample delay
with the sample delay

T —nqj—2n
P1721'1 2

15)
where 1 and ny are the number of memory blocks corresponding
toz; ~ ' and z5 ~ !, respectively.

For the number of memory blocks of the proposed RC which
consists of n; and ns can be expressed as follows:

According to the operation characteristics of the proposed RC
with the sample delay as in Fig 9, the period that is equal to twice
the fundamental frequency can be expressed as follows:

ny - Ts+ng- 2T, =1/(2f,) 17
which can be generalized as follows:
n1 + 2n9 = floor ( fs ) . (18)
2f,

Compared with the periodic delay block z =V of the CRC, the
proposed RC generates the average periodic signal for the grid
frequency variation along with the unit delay blocks from z; ~"!
and zo ~"? in the triggering process as follows:

—-N —n

- —(n1+2
27V =2 "2 = 2] (na+2na),

Z (19)

In other words, the memory sampling, which works in accor-
dance with the grid frequency, is allocated toz ~ ' and z ~ 2 owing
to its sampling characteristics; this provides the average periodic
delay unit of the fundamental frequency. Fig. 10 compares the
memory update schemes of the different RC methods. Although
the CRC cannot maintain the periodic delay length, variable
sampling or memory RC methods ensure the periodic delay unit
under an abnormal grid frequency. In the case of the proposed
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TABLE II
NUMBER OF MEMORY BLOCKS WITH DIFFERENT GRID FREQUENCIES

Je 57 Hz 60 Hz 63 Hz
N
(Variable 175 166 158
memory RC)
158(=N = ny+ny), for fg max
m+2n, =175 m+2n, =166 m+2n, =158
n =141 n =150 n =158
N Ny = 17 Ny = 8 ny = 0
(Proposed RC) 88(=N = mitma), for fi
m+2n, =175 m+2n, =166 m+2n, =158
n1:l n1:10 I’l]:lg
nz:87 n2:78 }12:70

Proposed RC, G,, (z,)

—Plg

Fig. 11.  Equivalent block diagram of proposed repetitive current controller.

RC, it also keeps the periodic delay by combining two delay
components, z; ~ Land zo — 1.

Furthermore, the different number of memory blocks can be
chosen for the proposed RC according to fs min OF fg max-
By considering fs max as 63 Hz, the number of samples N
is obtained as 158 from (14). Next, the allowable minimum
frequency is determined by (13) as 31.6 Hz. On the other hand,
by considering f, min as 57 Hz, N is chosen as 88 to satisfy (13)
and the allowable frequency range is determined to be from 57
to 113.6 Hz using (14). Here, although it is efficient to use fewer
memory blocks for the proposed RC, both values are considered
to validate the proposed scheme in this article.

Table II compares the numbers of memory blocks n; and ng
for various RC structures and different grid frequencies, 57, 60,
and 63 Hz. For a variable memory RC, the maximum number of
memory blocks is obtained as 175 to cover at 57 Hz. However,
based on (13) to (18), the proposed RC only requires 88 or 158
memory blocks to function in the range of 57 to 63 Hz. It is also
interesting that the proposed RC eventually exhibits the same
periodic delay length as that of the variable sampling memory
RC.

C. Stability Analysis of the Proposed Method

Fig. 11 shows an equivalent block diagram of the proposed
repetitive current controller. As discussed above, the sampling
delay is an inevitable element in constructing the periodic delay
unit in the proposed RC, but it may affect the system stability.
To examine the stability of the entire control system for the
proposed method, the transfer function of the input current
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Fig. 12. The roots trajectories comparison of H(z) for the CRC and the
proposed RC. (a) kyp = 0.024. (b) kyp = 0.03.

reference i; to the current error 7., is written as follows:

Z'rr(f?f) 1 1
Gu(s) = 528 = e
if(z)  14+Talz) 1+ %jg;()
1 211257 — q(21,2)
- : 20
1+ Tia(z) . 21282 — H(z1,2) 20)

where H(z; 2) is defined as

Gi z
H(z1,2) = q(z1,2) — krpzfQ G ((lz()éd(z)
pi i

(2D

If all the poles of Ge(z) are located inside the z-plane unit
circle, Ge(z) will not be divergent; thus, the overall system
stability can be guaranteed. In (20), the denominator of the first
term on the right-hand side is 1 + Ti4(z), and this is exactly the
same as that of the closed-loop transfer function where only the
PI current controller is adopted. If the all roots of 1 + Ti4(z)
are placed in the unit circle, the stability is only affected by the
eigenvalues of the remaining part H(z1 2). Hence, H(z1 2) should
satisfy the condition below [21], [22]

|H(z1,2)] < 1. (22)

Since ¢(z), L, Giq(z), and Tiq(z) are already determined, k,,
is the only design factor of H(z) that is needed to satisty (22) as
well as to ensure control performance.

Equation (22) indicates that the sampling period of H(z; 2)
for the proposed RC alternates between 75 and 27 in every
sample delay occurrence of G, (z1,2). It should be noticed that
the worst sample delay case is 27;. Consequently, the roots of
H (2 2) are scattered for the different sampling periods, which is
not observed in the CRC method. Fig. 12(a) and (b) compares the
root trajectories of H(z1 2), where the CRC and the proposed
RC scheme with different k., respectively. Clearly, the roots
trajectories of the proposed RC are travelled between the roots
of the CRC with different sampling period 7 and 275. Although
scattered roots appear on H (21 2), a stable RC operation can be
achieved using k., = 0.024 because the trajectories converge
into the unit circle as in Fig. 12(a). Furthermore, it is confirmed
that the proposed RC becomes unstable even if k,;, is chosen
as 0.03, which is the k,,, for stable operation of the CRC, as
in Fig. 12(b). Thus, the gain k,,, of the proposed RC should be
smaller than that of the CRC to ensure system stability.
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Fig. 13 compares the frequency responses of G (z) for differ-
ent control schemes. The RC methods can reduce the periodic
current error in comparison with where k,, is zero. In contrast
with the CRC frequency response of G, (z), different magnitude
gains of the proposed RC are observed in the high frequency
regions. Itis worth noting that the operating point of the low-pass
filter ¢(z) is changed due to the sample delay of the proposed
RC. However, it is not a problem in practical implementation
because the bandwidth of the closed-loop system is lower than
these high frequency regions, and the magnitude is sufficiently
damped by selecting the proper k..

D. Performance Limitation of the Proposed Method

Although the proposed RC can generate the average periodic
delay under frequency variations, it has an inherent limitation:
it cannot compensate for the FD, z77 (0 < F < 1). If fs/(2f,)
is not an integer value, an accurate periodic delay is z= ™+,
where N is an integer value. This degrades the error rejection
capability of the proposed RC, which has a resolution of the
unit delay (z~!) for generating the periodic delay unit.

Fig. 14 shows the magnitude of G.(z) for the proposed RC
considering the average periodic delay unit. Due to the FD
problem, it cannot always maintain the best performance of
the harmonic compensation in accordance with the frequency
change (e.g., f, changes between 59.88 and 60.25 Hz, where
the average periodic delay length z; ="' =272 is from z = '%7 to
7~ 196). Meanwhile, it is clear that the proposed RC provides a
better compensation performance compared to the PI controller.
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If the compensation gain of the proposed RC is enough to at-
tenuate the current harmonic distortions, it can be an acceptable
solution as a frequency adaptable RC method.

IV. SIMULATION STUDY

To demonstrate the feasibility and effectiveness of the pro-
posed method, simulations have been conducted using the PSIM
software. The proposed RC, which does not involve additional
memory usage and computational load, is compared with the
CRC. The simulation parameters are the same as listed in
Tables I and II.

Fig. 15 compares the simulation results of the CRC and the
proposed RC under an abnormal f, and 1 kW load condition.
In Fig. 15(a) and (b), the CRC method is applied at # = 60 ms.
It is observed that the compensation performance of the CRC is
degraded at abnormal frequencies. The current error ¢, iS even
amplified at 57 Hz in the case of the CRC as in Fig. 15(b). In
contrast, when the proposed RC is applied at t = 75 ms, ier
achieves the steady-state tracking error that is almost zero as in
Fig. 15(c) and (d).

Fig. 16(a) and (b) shows the simulation results with the
proposed method under the frequency jump conditions. In
Fig. 16(a), f, is changed from 60 to 57 Hz at t = 50 ms. Here,
the PLL tracks f, variation in six electrical cycles. Once f,
is fully detected after r = 160 ms, i, 1S compensated within
the subsequent six cycles, similar to the operation of the RC at
60 Hz. Similarly, when f, jump occurs from 60 to 63 Hz, the
proposed RC demonstrates the current tracking performance as
in Fig. 16(b).

Fig. 17 compares the input current total harmonic distortion
(THD) at different f, values along with the current control
methods. Compared to the proposed RC, the CRC shows higher
THD of i, for entire frequency range, except at 60 Hz. When f, is
less than 58 Hz, the CRC even shows worse performance than the
PI controller only. Unlike the CRC, the proposed RC maintains
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Fig. 16.  Simulation results of transient response with the proposed RC under
1 kW load. (a) Grid frequency step change from 60 to 57 Hz. (b) Grid frequency
step change from 60 to 63 Hz.
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Fig. 18.  Photograph of the experimental setup.

almost consistent THD of less than 1.2% for i, regardless of
fg- At 60 Hz, the proposed RC shows slightly higher THD than
the CRC, and this is due to the previously discussed limitation
of the proposed RC with regard to the selection of the control
gain k,,. Among the three control structures, the only proposed
RC satisfies the grid standard, where the THD of i, is less than
5%, for the entire frequency range.
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V. EXPERIMENTAL RESULTS

To validate the proposed RC, experiments have been con-
ducted on a single-phase 1.5 kW three-level PFC converter
designed for a UPS system. Experimental setup is shown in
Fig. 18.

All the digital controllers are implemented in TMS320F28335
DSP. A programmable ac power source (Chroma, 61704) is
utilized to generate f, variations within +3 Hz.

A. Steady-State Performance

Fig. 19 compares the grid voltage v, grid current 4,4, and
current error 4., under various f, values at 1.5 kW operation.
Even at the rated power, where the proposed method is not
adopted, the grid current is still severely distorted with only the
PI controller as shown in Fig. 19(a)—(c). For the CRC method, it
can compensate for the grid current distortion at 60 Hz as shown
in Fig. 19(d). Even if the CRC is utilized in Fig. 19(e) and (f), the
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Fig. 21.  Grid input current THD at different grid frequency. (a) Output power
is 0.25 kW. (b) Output power is 1.5 kW.

grid current is still distorted under abnormal grid frequencies.
This is because the CRC cannot provide a sufficient gain at
frequencies other than 60 Hz, which is the target fundamental
frequency of the CRC. In contrast, with the proposed RC, i,
keeps the sinusoidal shape, and thus the current error achieves
considerably low amplitude irrespective of the grid frequency
variation as shown in Fig. 19(g)— (i). Similarly, when the output
load is 250 W, it is confirmed that the proposed RC provides
a lower current error than the other methods regardless of f,
variations as in Fig. 20.

The measurement results of the THD for i, at f, values
ranging from 57 to 63 Hz are summarized in Fig. 21, where the
output power is 0.25 kW and 1.5 kW, respectively. With regard
to only the PI controller and the plug-in CRC, the THD of i,
with frequency deviations, exceeds the grid standard limitation
(THD < 5%). However, in the case of the proposed RC, it shows
that the THD of 7, consistently complies with the grid standard
regardless of the variations of f,. Fig. 22 shows the measurement
results of the THD for i, at a relatively narrow f, variation
range. Here, it is confirmed that the CRC exhibits a relatively
low grid current THD at 60.2 Hz. This is because the periodic
delay length of the CRC is z = '%®, which is equal to 60.2 Hz
without FD. Although the proposed RC cannot achieve a grid
current THD as much as the CRC at 60.2Hz due to the limitation
of the control gain selection of the proposed RC, it maintains
almost consistent and proper attenuation, even at the narrow f,
variation ranges.

Fig. 23 shows the experimental result of the single-phase
PFC converter which operates over a range of input voltage.
(typically, +10% to —15% of the nominal grid voltage for UPS
system). Under the different input voltage, the proposed RC
compensates for the harmonic distortion.

B. Transient Performance

Fig. 24 shows the transient response of the RC methods when
fq suddenly changes from 60 to 63 Hz and from 60 to 57
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Hz. In Fig. 24(a) and (b), the grid current error of the CRC
increases under abnormal frequencies because the CRC has a
periodic delay unit fixed at approximately 60 Hz. Fig. 24(c)
and (d) indicates that the proposed RC operates without re-
liability issues under a sudden change in f,. It takes 50 ms
(three fundamental cycles) to compensate for the current error
as soon as the PLL detects the change in f, (the settling time is
approximately 175 ms). Here, using a faster PLL method (e.g.,
a frequency-locked loop technique), it can improve the overall
response time to deal with the sudden frequency variations by
shortening the detection time of the frequency estimator [46].
However, it shows sufficient performance to demonstrate the
frequency adaptability, considering the electric power system
and generator inertia where the rate of frequency change is
typically 1 Hz/s.
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The transient response of the step load change is also tested as
shown in Fig. 25, where the load is changed from 750 to 250 W
and from 250 to 750 W in steps, under a grid frequency of 60
Hz. In both cases, the proposed RC operates properly and there
are no significant overcurrent issues. Then, the current error is
again quickly reduced within several cycles.

C. Comparison of Proposed RC and Variable Sampling RC
With Reduced Memory Block

As discussed in Section III, the number of memory block
in the proposed RC can also be chosen as 88 considering the
frequency range of 57—113 Hz. Additionally, a variable sampling
RC method in [22]-[24] is adopted as a frequency adaptive
current controller. For comparison, the proposed RC and the
variable sampling RC with N = 88 and the identical gain
are tested, and the experimental results are shown in Figs. 26
and 27. Without varying the sampling frequency or memory, the
proposed RC offers a steady-state and transient performance as
much as the variable sampling RC.

Fig. 28(a) and (b) shows the THD measurement results for
the grid current at different output loads where f, ranges from
57 to 63 Hz and from 59 to 60.5 Hz, respectively. The proposed
RC with N = 88 keeps a satisfactory performance with regard to
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Fig. 26. Experimental results of steady-state response under 60 Hz grid
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THD, similar to the case of the variable sampling RC. Compared
to the CRC, it is worth noting that the proposed RC can be
implemented with a 50% reduced number of memory blocks
and it contributes to efficient system architecture.
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VI. CONCLUSION

In this article, an average periodic delay-based RC scheme
for grid-connected PFC converter has been proposed to address
the adverse effect of frequency variation on the compensation
performance of RCs. The proposed method constructs the av-
erage periodic delay by synchronizing the memory sampling
with the phase angle of the PLL, which enables frequency
adaptability under a constant-sampling rate and a fixed number
of memory blocks. In this process, the effects of the sample
delay and advance in the proposed RC are discussed to analyze
the operation of the RC and to establish the design criteria.
Based on the discussion, stability analysis is performed to de-
termine the control parameters. As summarized in Table III, the
proposed control scheme demonstrates a robust compensation
performance under a wide grid frequency range.

The proposed RC scheme provides the following benefits.

1) By using the average periodic delay, a frequency adaptive
RC for wide frequency variation can be achieved with
the fixed sampling frequency. This provides portability
and effectiveness to the digital control system of the fixed
sampling frequency.
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TABLE III
PERFORMANCE COMPARISON OF RC METHODS

CRC Variable Sampling RC Proposed RC
) 57 Hz 25.5% 3.4% 3.7% 3.5%
(a:glgH]PW) 60 Hz 3.2% 3.1% 3.2% 3.1%
63 Hz 7.5% 3.6% 3.5% 3.7%
Sampling period (7}) Fixed (50 ps) Varied (90.2-99.7 us) Fixed (50 ps)
Number of the memory blocks (N) Fixed (166) Fixed (88) Fixed (158) Fixed (88)
Frequency range (Hz) 60 57 <[ <63 32 <f, <63 57 <fe<113

2) Reducing the memory usage makes it possible to design

an effective software architecture and cost-efficient option
for digital devices. It also contributes to the flexibility
of the software configuration and management of power
converter systems such as series, parallel, and polyphase
converters.

Both the simulation and experimental results have demon-
strated that the proposed RC satisfies the grid standard for the
THD of the input current under various frequency deviations,
where the traditional approaches cannot survive.
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