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ABSTRACT The second-order generalized integrator based orthogonal signal generator (SOGI-OSG) is
commonly used to produce direct and quadrature axis (dq-axes) signals in stationary reference frame for
single-phase systems. Fast and robust OSG with harmonic rejection capability is required for parallel
operation of power generation systems. The frequency response function (FRF) of classical OSG does not
show robustness towards DC offset and grid harmonic disturbances compared to the direct signal of SOGI.
This paper presents OSGs based on nth order bandpass filter with a phase shifter using a scaled Q factor as a
design variable. The frequency and time-domain performance analysis will be performed based on the scaled
Q factor to simplify the design process of the proposed OSGs. The −3dB frequency and settling step time
will be matched in higher order OSGs selecting a scaled Q factor. The proposed method will show enhanced
harmonic rejection ratio of an additional −20dB with increasing OSG order with tradeoff in computational
burden.

INDEX TERMS SOGI, DC offset, harmonic distortion, quadrature signal generator.

I. INTRODUCTION
Phase-locked loop (PLL) is required in a wide variety of
AC applications including single-phase system control. This
includes grid-tied photovoltaic systems, rectifier loads, bat-
tery chargers, and motor drives [1]–[4]. For power quality of
grid system in parallel operation, fast and robust PLL with
Orthogonal Signal Generator (OSG) is required to control
phase, frequency [5], magnitude [6], while it rejects har-
monics including interharmonics [7], [8] and DC offset [9].
Figure 1 (a) shows the three main parts of a PLL: a phase
detector (PD) with OSG and reference transformation block,
a loop filter (LF) with proportional-integral (PI) controller,
and a voltage-controlled oscillator (VCO) where vin is the
single-phase input, ωff is the feedforward frequency of the
nominal grid frequency, ω̂s is the estimated input signal fre-
quency and θ̂ is the estimated phase [10]. The LF estimates
the input frequency which is the input of the VCOwhich esti-
mates the phase angle with the initial frequency feedforward,
ωff . ω̂s is feedback to the OSG for grid frequency drift adap-
tation, which increases the implementation complexity and
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also affects the stability. To overcome aforementioned issue,
fixed-frequency OSG PLL are proposed ensuring stability
and simple implementation [11], [12]; Figure 1 (b) shows
fixed-frequency OSG with phase compensator (PC).

Second-order generalized integrator (SOGI) based OSG
provide a satisfying performance compromise between the
dynamic response and computational complexity [13]–[15].
The SOGI based OSG is shown in Fig. 2 (a). The SOGI-OSG
generates the direct signal, vα , and the orthogonal signal, vβ ,
in the stationary reference frame, which later are used as
inputs to the rotating transform block, i.e., αβ to dq.

However, the orthogonal output of the SOGI based OSG
results in errors when the signal contains low-frequency har-
monics, i.e., DC offset and interharmonics. The phase angle
estimation performance degrades, which results in frequency
oscillations.

To solve the SOGI-OSG problem, several methods have
been proposed in the literature [9], [16]–[19]. To attenuate
the interharmonics, differentiators are included in transfer
function near zero frequency. The DC offset and the inter-
harmonics are attenuated by 20 decibels every differentia-
tor. A cascaded SOGI (SO-SOGI) PLL with a fourth-order
transfer function is proposed with a differentiator in the OSG
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FIGURE 1. Single phase OSG-PLL. (a) SOGI-OSG PLL. (b) Fixed-frequency
OSG PLL with phase error compensation feedforward.

FIGURE 2. OSGs. (a) SOGI-OSG. (b) Proposed OSG with nth-order BPF.

in [16]. The modified SOGI (MSOGI-PLL) with an addi-
tional filter block is proposed to remove the DC offset compo-
nent causing constant error [17]. These techniques, however,
showed asymmetric harmonic rejection capability on the low
and high-frequency range. For this reason, the direct and
the orthogonal component has different harmonic rejection
capability. In [9], a mixed second and third-order SOGI
(MSTOGI-PLL) is proposed with symmetric harmonic rejec-
tion property on both direct and orthogonal axes components.
A comparative survey on the OSG based PLL is presented in
[10], [20], [21] with voltage sag, frequency step, phase jump,
and DC offset rejection capability.

In this paper, OSGs with nth-order bandpass filter (BPF)
with scaled Q (Quality) factor, Qsn, are proposed with a
phase shifter, see Fig. 2 (b). The conclusions on Q factor

FIGURE 3. Integrators and differentiators and FRF slope in dB.

in general filter theory is reused [22], [23]. Scaled Q factors
for higher order OSGs are proposed to simplify the design
process of the higher order OSGs, i.e., second and third
order. It will be shown that the proposed OSGs enhance
harmonic rejection property while ensuring fast dynam-
ics. An additional −20dB of the harmonic rejection will
be achieved with every increasing filter order, as shown
in Fig. 3. Both time-domain and frequency-domain analysis
are performed for the second- and the third-order OSGs. The
proposed OSGs are adopted to fixed-frequency OSG-PLL
in Fig. 1 (b) introducing lookup table (LUT) based phase
compensator to adapt input frequency drift. Stability anal-
ysis is included for the fixed-frequency PLL based on the
proposed OSGs.

The paper is organized as follows: Section II compares
harmonic rejection ability of SOGI-based OSGs and the
proposed OSGs, summarizing the tradeoff between filtering
ability and computational burden; in section III, the pro-
posed OSGs based on nth-order BPF with scaled Q fac-
tor is introduced with time- and frequency-domain analysis;
section IV shows the implementation of the PLL using the
proposed OSGs; section V, shows the simulation and exper-
imental results to demonstrate the advantages of the pro-
posed OSG; finally section VI presents the conclusions of the
paper.

II. SOGI BASED OSGs AND BPF OSGs COMPARISON
In this section, the harmonic rejection capability of existing
SOGI-OSG and the proposed OSGs based on nth-order BPF
is compared considering computational burden. SOGI-OSG
[13], [14], CSOGI-OSG [16],MSOGI-OSG [17], Differential
SOGI-OSG [24], and MSTOGI-OSG [9] are compared with
the proposed OSGs. Summary of harmonic filtering ability
and computational burden are shown in Table 1.
Figure 3 presents the slope of the Frequency Response

Function (FRF) of OSGs in decibel (dB) with target fre-
quency, ω0. Comparing the highest and lowest order complex
variable, sn, in numerator and denominator of FRF, the har-
monic rejection capability can be presumed. Additional sn in
the numerator results in additional 20dB of harmonic rejec-
tion capability in low frequency range where additional 1/sn

in denominator results in additional−20dB in high frequency
range as shown in Fig. 3.
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TABLE 1. OSGs harmonic rejection ability and computational burden comparison.

FIGURE 4. SOGI and OSG, k = 1.41, ω0 = 300rad/sec.

FIGURE 5. SOGI based OSG time-domain response with DC offset input, k
= 1.41. (a) Sinusoidal input with DC offset, vDC = 0.1V, ω = 300 rad/sec.
(b) vα0 and vβ0.

A. SOGI-OSG [13], [14]
SOGI based OSG transfer functions are shown in (1), (2)
where k is the half of damping factor, and vα0 and vβ0 are the
filtered direct and orthogonal signals [13], [14]. The smaller
the value of the gain k , the more selective response of the
system; however, the filter will require a longer stabilization
time [5], [25]. In further analysis of OSGs, k , is set to 1.41.
Figure 4 shows the FRF plot of (1), (2) where ω0 is set to
300rad/sec. As can be observed in the FRF plot, the DC
offset or interhamonics will not be filtered in the orthogo-
nal signal, β0. DC offset or interhamonics will appear on

the orthogonal signal as in Fig. 5 to result in performance
degradation of PD.

vα0(s)
vin(s)

=
kω0s

s2 + kω0s+ ω2
0

(1)

vβ0(s)
vin(s)

=
kω2

0

s2 + kω0s+ ω2
0

(2)

B. MODIFIED SOGI-OSG
1) CSOGI-PLL [16]
In CSOGI-OSG, two SOGIs are put in series to improve
the harmonic rejection capability in Fig. 6 (a). The direct
and the orthogonal signal filter transfer function are shown
in (3) and (4). The modified OSG includes a differentia-
tor to reject interharmonics. However, the low- and the
high-frequency harmonic rejection ratio is asymmetric with
20dB at low-frequency and−60dB at high-frequency, respec-
tively. The direct signal has a symmetric harmonic rejection
capability with 40dB at low frequency and −40dB at high
frequency.

vd1(s)
vin(s)

=
(kω0s)2

(s2 + kω0s+ ω2
0)

2
(3)

vq1(s)
vin(s)

=
k2ω3

0s

(s2 + kω0s+ ω2
0)

2
(4)

2) MSOGI-OSG [17]
The MSOGI-OSG uses additional first-order filter function
block to include a differentiator as in (5) and (6). The FRF of
MSOGI is shown in Fig. 6 (b). The DC offset effect on OSG is
removed. However, interharmonic rejection capability is not
improved. Also, the performance of the OSG with k parame-
ter related to the damping ratio is difficult to be predicted.

vα2(s)
vin(s)

=
ω0s2

s3 + (k + ω0)s2 + ω2
0s+ kω

2
0

(5)

vβ2(s)
vin(s)

=
ω2
0s

s3 + (k + ω0)s2 + ω2
0s+ kω

2
0

(6)

3) DIFFERENTIAL SOGI-OSG [24]
Following the strategy of putting additional differentiator,
a differential SOGI based OSG could be potentially used
in (7) and (8) [24]. The FRF of this technique is shown
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FIGURE 6. Modified OSG FRF plots k = 1.41, ω0 = 300rad/sec.
(a) CSOGI-OSG. (b) MSOGI-OSG. (c) Differential SOGI-OSG.
(d) MSTOGI-OSG. (e) Proposed OSGs.

in Fig. 6 (c). Using the proposed technique, the DC off-
set and the interhamonics can be filtered with 40dB, but
the high harmonic component won’t be rejected with 0dB.

This method has the opposite characteristic compared to the
SOGI based OSG.

vα3(s)
vin(s)

=
kω0s

s2 + kω0s+ ω2
0

(7)

vβ3(s)
vin(s)

=
−ks2

s2 + kω0s+ ω2
0

(8)

4) MSTOGI-OSG [9]
Mixed second and third-order generalized integrator PLL
(MSTOGI-OSG) eliminates harmonics and DC offset in the
signal in (9) and (10). The FRF in Fig. 6 (d) shows symmet-
ric harmonic attenuation capability for both low and high-
frequency. The OSG is a BPF with a unity gain and 90◦ phase
shift at the resonant frequency ω0.

vα3(s)
vin(s)

=
kω0s

s2 + kω0s+ ω2
0

(9)

vβ3(s)
vin(s)

=
kω0s(ω0 − s)

(s+ ω0)(s2 + kω0s+ ω2
0)

(10)

C. PROPOSED OSGs BASED ON nth-ORDER BPF
Equation (11) and (12) show the direct and orthogonal signal
transfer function of the proposed OSGs based on nth-order
BPF; n in (11) and (12) decides the order of OSG. Note
that the orthogonal signal in (12) is composed by (11) and
phase shifter (20). Phase lag or lead error of (12) and (11) are
compensated by frequency drift compensator. The harmonic
rejection capability of the BPF can be improved by an addi-
tional 20dB, every time that the filter order increases. Scaled
Q factor, Qsn, is proposed to ensure comparable time-domain
response with enhanced harmonic rejection capability for
higher-order OSG. Both the orthogonal and the direct signals
have symmetric harmonic rejection capability and overlapped
onto each other, as shown in Fig. 6 (e).

vα(s)
vin(s)

=

( ω0
Qsn

s

s2 + ω0
Qsn

s+ ω2
0

)n
(11)

vβ (s)
vin(s)

=

( ω0
Qsn

s

s2 + ω0
Qsn

s+ ω2
0

)n(
ω0 − s
s+ ω0

)
(12)

D. IMPLEMENTATION OF OSGs IN DISCRETE
TIME-DOMAIN
The continuous time-domain transfer function is trans-
formed to discrete time-domain using the Tustin method
with frequency pre-warping. To design discrete-time
infinite-impulse-response (IIR) filters from continuous-time
transfer function, Laplace variable, s, is substituted with (13)
with Kw in (14) where ω0 is the target frequency and fsw is
the sampling frequency of the digital-signal processor (DSP).
The discrete transfer function designed using causal and
stable continuous domain transfer function will preserve the
stability. The number of mathematical operations required
for each OSGs introduced in this section is counted and
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summarized in Table 1.

s = Kw
1− z−1

1+ z−1
(13)

Kw =
ω0

tan( ω02fsw
)

(14)

E. SUMMARY OF OSGs ANALYSIS
A synchronous reference frame PLL (SRF-PLL) can accu-
rately estimate the phase and frequency when the output of
OSG does not present imbalance or harmonics. When grid
voltage input includes imbalances or harmonics, the output
of SRF-PLL will result in errors and, therefore, cannot accu-
rately track the gird voltage phase and frequency.

Enhanced OSGs with improved harmonic rejection
ability have been compared in Fig. 6 with respect to
classical SOGI-PLL in Fig. 4. CSOGI-, MSOGI-, Differ-
ential SOGI-OSGs showed unbalanced frequency response
between α and β components. Differential SOGI-OSG shows
enhanced interharmonic rejection capability, but its perfor-
mance degrades for higher order harmonics.MSTOGI and the
proposed OSGs showed balanced harmonic rejection ability,
yet, the proposed OSGs showed better harmonic rejection
capability than MSTOGI.

It has been shown that increasing the filter order of the
proposedOSG can improve the harmonic rejection capability.
However, increasing the filter order results in slow dynamics
response. In addition, the proposed OSG based PLL algo-
rithm implementation becomes more complex as the filter
order increases. To overcome this issue, the scaled Q factor
is introduced to simplify OSG design process and guarantee
a comparable dynamic performance regardless of the filter
order of theOSGs. Both time- and frequency-domain analysis
of the proposed OSGs will be presented in the next section
(section III).

III. OSGs BASED ON nth-ORDER BPF WITH SCALED Q
FACTOR
In this section, nth-order BPF based OSGs shown in Fig. 2 (b)
is analyzed in both time- and frequency-domain. The design
of the proposed OSGs starts from the notch filter and uses a
scaled Q factor to help higher order OSG design. The pro-
posed OSGs with scaled Q factor, Qsn, have higher harmonic
rejection capability and easy to be designed.

A. PROPOSED OSG DESIGN IN FREQUENCY-DOMAIN
Notch filter in (15) is a bandstop filter with a narrow stopband
with a high Q factor [26]. The bandpass filter can be repre-
sented as a 1-notch form (see Fig. 7). Every analysis that is
previously concluded on the notch filter applies to the OSG
design [22], [23].

n(s)
vin(s)

=
s2 + ω2

0

s2 + ω0
Q s+ ω

2
0

(15)

vα(bandpass)(s)
vin(s)

= 1−
n(s)
vin(s)

=

ω0
Q s

s2 + ω0
Q s+ ω

2
0

(16)

FIGURE 7. 1-Notch (bandpass) filter.

FIGURE 8. Q factor effect on FRF. (a) High and low Q factor BPF FRF. (b) Q
factor and bandwidth, 1ω.

The Q factor is a parameter that describes the resonance
behavior in frequency-domain. The higher Q, the narrower
the bandwidth and the higher the harmonic rejection capa-
bility (see Fig. 8 (a)). The −3dB frequency and bandwidth
of the BPF can be estimated by matching (16) at −3dB
frequency. By solving (17), the lower end of−3dB frequency,
ω1 and the upper end of the −3dB frequency, ω2 shown
in Fig. 8 (b) are calculated. The bandwidth of the,1ω, is then
estimated by (21) in terms of Q factor. At the second-order
filter, the −3dB frequency will be −6dB and −9dB for the
third-order.

vα(bandpass)
vin(s)

∣∣∣∣
-3dB
=

1
√
2
=

ωω0
Q√

(ω2
0 − ω

2)2 + (ω0ω/Q)2
(17)

ω1 = ω0
(2×

√
Q2 + 1/4− 1)
2Q

(18)

ω2 = ω0
(2×

√
Q2 + 1/4+ 1)
2Q

(19)

1) PHASE SHIFTER
To achieve an orthogonal signal from a single signal, a phase
shifter is used. In (20), 90◦ phase shifter transfer function
is shown. As can be observed from Fig. 9, the shifter has
unity gain in all frequency with 90◦ phase delay at the target
frequency. The phase shifter is added to the direct signal to
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FIGURE 9. Phase shifter FRF, ω0 = 300rad/sec. (a) Magnitude. (b) Phase.

synthesize the orthogonal signal as shown in Fig. 2 (b).

shifter(s) =
(
ω0 − s
s+ ω0

)
(20)

2) SCALED Q FACTOR
Figures 10 show the first-, second-, and third-order BPF
OSG FRF without scaled Q factor. Higher order OSGs show
enhanced harmonic rejection ability. However, the −3dB
(0.707) points of the FRF plot for higher order OSGs, which
will decide setting time step response, does not match; see
dashed black-line referring −3dB frequency. To match the
−3dB frequency of the higher order BPF, a scaling factor
is multiplied as in (21). Based on (21), scaled Q-factor, Qsn,
in (22) is proposed. The design of the nth-order BPF can refer
toQsn which will match−3dB frequency for the higher order
OSGs referring to the first order OSG. Figure 11 shows the
first-, second-, and third-order BPFOSG FRF designed based
on the scaledQ factor. The−3dB (0.707) frequency points of
the FRF plot for higher order OSGs are matching using scaled
Q factor; see dashed black-line referring −3dB frequency.
As can be observed, higher order OSGs based on scaled
Q factor still show higher harmonic component attenuation
beyond the target frequency, ω0.

1ω-3 dB = (ω2 − ω1) =


ω0

Q
, if n=1

ω0

Q

√
2

1
n
− 1, if n>1

(21)

Qsn =


ω0

(ω2 − ω1)
, if n=1

Qs1

√
2

1
n
− 1, if n>1

(22)

FIGURE 10. nth-order BPF OSGs FRF, Q = 2, ω0 = 300rad/sec, dashed
black-line indicate −3dB frequency. (a) Magnitude. (b) Phase.

When highQ factor is selected, harmonic rejection capabil-
ity increases, see Fig. 8 (a). However, the higher the Q factor,
the lower the bandwidth as shown in Fig. 8 (b). Selection of
Qs1 factor can refer to time-domain analysis. When n = 1,
the number of oscillation to reach 95% of the steady state
value is approximately equal to Q (25). The time require to
reach 95% of the steady state value can be obtained as (24).
The time required for stabilizing the output of the OSGs,
when a variation in its input occurs, e.g., DC offset, voltage
sag, phase jump, frequency variation, etc., will be propor-
tional to Qs1 (see (24)). When Qs1 is selected, Qs2 and Qs3
can be calculated based on (22). For example, the time to
stabilizing output when Qs1 is equal to 2 at ω0 of 2π50
[rad/sec], is 0.039sec. SelectingQs2 andQs3 equal to 1.29 and
1.01 using (22), for higher order OSGs, will also converge
near 0.039sec.

E(t) =


1− exp

(
−
ω0

2Q
t
)
, if n=1(

1− exp
(
−

ω0

2(1+n/4)Q
t
))n

, if n>1
(23)

t5p =


−
ln(0.05)2Q

ω0
, if n=1

−
(ln(−0.95)1/n − 1)2(1+n/4)Q

ω0
, if n>1

(24)

N =


−
ln(0.05)Q

π
≈ Q, if n=1

−
(ln(−0.95)1/n − 1)2(n/4)Q

π
, if n>1

(25)
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FIGURE 11. nth-order BPF OSGs FRF with scaled Q factor, Qs1 = 2, Qs2 =
1.29, Qs3 = 1.01, ω0 = 300rad/sec, dashed black-line indicate −3dB
frequency. (a) Magnitude. (b) Phase.

B. PROPOSED OSGs TIME-DOMAIN ANALYSIS
Q factor decides the time-domain response. The time-domain
response envelops of the nth-order filter is shown in (23).
Using (23), the time-domain response to 5 percent settling
time can be estimated as in (24). From (24), the number of
oscillations required to reach the 5 percent can be obtained
by (25).

Figure 12 shows the time response of (16) where Q is set
to 2, 4, and 9 for the first-order BPF with the envelop in (23).
The number of oscillations required for the filter output is
approximately equal to the Q factor when n = 1; see (25).
The filter order effect in time-domain response is shown
in Fig. 13. Figure 13 (a) shows higher order response with
constantQ factor, where (b) shows the time-domain response
with scaled Q-factor. Figure 13 (a) shows slow time-domain
response with increasing filter order. Using scaled Q factor
in (22), higher order OSGs results in comparable dynamic
response compared to first-order OSG with enhanced har-
monic rejection ability as shown in Fig. 13 (b) and Fig. 11.

IV. IMPLEMENTATION OF PLLs USING THE PROPOSED
OSGs
In this section, implementation and stability of the proposed
OSGs based fixed-frequency PLL shown in Fig. 14 with
frequency drift compensator (FDC) is introduced. LF tuning
of ki and kp in [27] is used. ωff is set to base frequency of
input, e.g., 300 rad/sec. Given input voltage, vin, PD with
enhanced OSG output vq to estimate phase, θ̂0. The FDC

FIGURE 12. Q factor effect on time-domain response, ω0 = 300rad/sec., n
= 1, Q = [2 4 9].

FIGURE 13. (a) nth-order filter time-domain response, ω0 = 300rad/sec.,
n = [1 2 3], Q = 2. (b) nth order filter time-domain response, ω0 =
300rad/sec., n = [1 2 3], Qs1 = 2, Qs2 = 1.29, Qs3 = 1.01.

FIGURE 14. Proposed PLL based on nth-order BPF OSGs with frequency
drift compensator.

phase, δpc, is feedforward to compensate the frequency drift
effect to finally output phase, θ̂ .

A. FREQUENCY DRIFT ADAPTATION WITH PHASE ERROR
COMPENSATOR
Figure 14 shows the implementation of FDC based on low
pass filter (LPF) and 1-dimensional lookup table (1-D LUT).
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FIGURE 15. Frequency drift phase error and error compensation.
(a) Phase compensation angle, δpc , with frequency drift from 270 to
330rad/sec, ω0 = 300rad/sec, Qs1 = 2, Qs2 = 1.29, Qs3 = 1.01.
(b) Estimated phase error with and without frequency drift compensator,
kp = 300, ki = 37500, fLPF = 10Hz.

The input to the 1-D LUT will be the estimated input signal
frequency, ω1. The phase error can be estimated using the
transfer function of nth-order BPF OSG in (11). Considering
additional phase lead or lag introduced by the phase shifter
in (20), δpcn in (26) is pre-calculated as function of the fre-
quency of the input signal, vin. To avoid increasing the com-
putational burden, 1-dimensional lookup table (1-D LUT) is
implemented in FDC as shown in Fig. 14. To reduce the effect
of high-frequency noise on the estimated input signal fre-
quency, the integral signal from LF is filtered by a first-order
LPF whose cutoff frequency is fLPF .

Figure 15 (a) shows pre-calculated compensation phase
as function of input signal frequency for first-, second- and
third-order BPF OSGs. Figure 15 (b) shows estimated phase
simulation results of the proposed PLL with and without
FDC. With FDC, the phase error due to frequency drift is
compensated.

δpcn(ω1) = 6
(( ω0

Qsn
(jω1)

(jω1)2 +
ω0
Qsn

(jω1)+ ω2
0

)n)
+0.5

(
6

(
ω0 − (jω1)
(jω1)+ ω0

)
+
π

2

)
(26)

B. STABILITY ANALYSIS
A linearized model for SOGI-PLL is presented [27]. For a
step phase change, the PD output signal can be approximated

FIGURE 16. (a) Synthesized input voltage, vin = 1V, fin = 50Hz with 20%
of 1/5th and 5th harmonic components, DC offset of 0.5V applied at time
= 0.1sec., voltage sag of 40% applied at time = 0.2sec., phase jump
of 30 deg. applied at time = 0.3sec., fundamental frequency changes to
52Hz at time = 0.4sec. (b) Direct output of OSGs. (c) Orthogonal output of
OSGs.

in Laplace domain as (27) where φe is the phase error given
a sinusoidal input and Vin is the input voltage magnitude
[11], [27]. The closed-loop transfer function of the PLL
in Fig. 14 will be (28). Note that the frequency drift compen-
sator, working as a feedforward, does not affect the stability
analysis since it is not part of the closed-loop. The nth-order
BPF based model is always stable for any given positive
kp and ki with all poles being on the left-hand side of the root
locus plane.

vqn(s) =
Vin(

2Qsn
ωo

s+ 1
)nφe(s) (27)

GCL(s) =
(
vqn(s)
φe(s)

)(
kps+ ki

s2 + kps+ ki

)
(28)

V. SIMULATION AND EXPERIMENTAL RESULTS
In this section, the proposed OSGs, following the design
guideline presented in section III., are tested in simulation
and experiment. The performance of the proposed OSGs
in Fig. 2 (b) is compared with SOGI OSG in Fig. 2 (a).
For both simulation and experimental results, Q factor = 2
of OSG order n = 1 is selected as the base. For higher
order OSGs, scaled Q factor in (22) is used matching −3dB
frequency. From (25), the number of oscillations to reach 95%
of the steady state is approximately equal to theQ factor. Time

VOLUME 9, 2021 81735



Y. G. Kang, D. Diaz Reigosa: Improving Harmonic Rejection Capability of OSG

FIGURE 17. Frequency spectrum of the OSG output given vin = 1V,
fin=50Hz with 20% of 1/5th and 5th harmonic components, DC offset
of 0.5V applied at time = 0.1sec., voltage sag of 40% applied at time =
0.2sec., phase jump of 30deg. applied at time = 0.3sec., fundamental
frequency changes to 52Hz at time = 0.4sec.

FIGURE 18. PLL estimated phase and frequency simulation results.
(a) SOGI-PLL. (b) Proposed OSG-PLL, n = 1. (c) Proposed OSG-PLL, n = 2.
(d) Proposed OSG-PLL, n = 3.

required to reach steady-state is 0.05sec given changes in the
input using (24) base Q factor of 2.

FIGURE 19. Experimental setup.

FIGURE 20. Experimental results with DC voltage offset of 0.5V applied at
time = 0.1sec., vin synthesized with 1V of 50Hz fundamental frequency
with 0.2V of 1/5th and 5th harmonic components, Q(SOGI) = 2, Qs1 = 2,
Qs2 = 1.29, Qs3 = 1.02, ω0 = 300rad/sec.

A. SIMULATION RESULTS
Simulation is performed in Simulink environment. The input
to OSGs is synthesized as shown in Fig. 16 (a) with the
fundamental frequency of 50Hz, including 20% of 1/3th, 1/5th

and 5th harmonic components to verify the harmonic filtering
capability; 1/3th and 1/5th harmonic components have been
selected to evaluate the low frequency harmonic rejection
capability of the proposed OSGs. The DC offset, voltage sag,
phase offset, and frequency variation are applied to the input
at 0.1sec., 0.2sec., 0.3sec., and 0.4 sec., respectively. The
scaled Qsn factors used for the tested OSGs are 2, 2, 1.29,
1.02 for the SOGI, n = 1, n = 2, n = 3 OSGs using (22).
The input in Fig. 16 (a) is applied to both SOGI-OSG and
proposed OSGs. The resulting direct and orthogonal signals
are shown in Figs. 16 (b) and (c). Note that the orthogonal
component of SOGI OSG in Fig. 16 (c) result in offset error
after DC offset is applied at 0.1sec. The quality of the OSG
output is important since they are the input to the PLL for
phase and frequency estimation. The frequency spectrum of
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FIGURE 21. Experimental results with 40% voltage sag applied at time =
0.1sec., vin synthesized with 1V of 50Hz fundamental frequency with 0.2V
of 1/5th and 5th harmonic components, DC offset of 0.5V, Q(SOGI) = 2,
Qs1 = 2, Qs2 = 1.29, Qs3 = 1.02.

the orthogonal response from OSGs is shown in Fig. 17,
taking the fast Fourier transform (FFT). The interharmonic
components, including DC and 5th harmonic component at
250Hz, can be observed from Fig. 17. Enhanced harmonic
rejection ability is observed with increasing order of the
proposed OSGs.

The estimated phase error and frequency using PLL
in Fig. 14 is shown in Fig. 18. The left y-axis represents the
estimation error and the right y-axis represents the estimated
frequency, ω1. The input frequency reference is shown in a
black-line. It can be observed the enhanced estimation results
of phase and frequency with increasing filter order. The error
results between PLLs are summarized in Table 2.

B. EXPERIMENTAL RESULTS
This section shows the experimental results of the pro-
posed OSGs and the estimated phase from the PLL. The
continuous-domain transfer function is transformed to dis-
crete domain using Tustin method with frequency and
pre-warping in (13) and (14). The input voltage is synthe-
sized using Pulse Width Modulation (PWM) programmed
in DSP (TMS320F28335) shown in Fig. 19. The measured
input voltage is filtered by a low pass filtered with a cutoff
frequency of 500Hz. The experimental results with DC offset,
voltage sag, phase offset, and frequency offset results are
shown in Fig. 20, Fig. 21, Fig. 22, and Fig. 23, respec-
tively. Similar to the simulation results, the OSG perfor-
mance of higher order BPF can reject harmonic components
including DC offset to result in less phase error in transient

FIGURE 22. Experimental results with 30deg. phase jump applied at time
= 0.1sec., vin synthesized with 0.6V of 50Hz fundamental frequency with
0.2V of 1/5th and 5th harmonic components, DC offset of 0.5V, Q(SOGI) =
2, Qs1 = 2, Qs2 = 1.29, Qs3 = 1.02.

FIGURE 23. Experimental results with frequency drift from 50Hz to 52Hz
applied at time = 0.1sec., vin synthesized with 0.6V of 50Hz fundamental
frequency with 0.2V of 1/5th and 5th harmonic components, DC offset
of 0.5V, Q(SOGI) = 2, Qs1 = 2, Qs2 = 1.29, Qs3 = 1.02.

and steady-state. PI gains of PLL are tuned at the nominal
frequency of 2π50[rad/sec] following the procedure in [27].

Summary of themaximumphase error experimental results
is shown in TABLE 2. Both the experiment and simulation
showed less estimation error with higher order OSGs and
comparable settling time.
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TABLE 2. Summary of PLL phase error comparison between OSGs in simulation and experimental results.

VI. CONCLUSION
It has been shown that SOGI-PLL has weakness in the low
harmonic rejection capability. To overcome this limitation,
this paper presents OSGs with improved harmonic rejec-
tion capability based on nth-order BPF and a phase shifter.
A scaled Q factor is proposed for the design of higher order
OSGs, which simplifies the OSG design process. Frequency-
and time-domain analysis are conducted for nth-order BPF
OSGs with scaled Q factor. With the scaled Q factor, −3dB
frequency and the settling time become compatible for higher
order OSGs while enhancing the harmonic rejection capabil-
ity with −20dB every increasing filter order. The proposed
OSGs with scaled Q factor are verified by simulation and
experimental results. Higher order OSGs showed higher har-
monic rejection capability and comparable settling time with
the tradeoff in increasing the computational burden.
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