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A Generalized Real-Time Computation Method With
Dual-Sampling Mode to Eliminate the Computation
Delay in Digitally Controlled Inverters

Zhiheng Lin

Abstract—Digital control has been widely adopted in grid-
connected inverters, thanks to easy implementation of complicated
control algorithms. However, the digital control delay deteriorates
the performance of the inverter and tends to cause system instabil-
ity. In this article, the generating mechanism of the digital control
delay, including computation delay and pulsewidth modulation de-
lay, is analyzed. Then, a generalized real-time computation method
with a dual-sampling mode is derived to directly eliminate the
computation delay, based on two- and multilevel phase-legs. On
this basis, the operation principle of the method for three- and
single-phase inverters with two- and multilevel topologies is elabo-
rated. Finally, the experimental and simulation results from three-
and single-phase LCL-type grid-connected inverters are provided
to verify the effectiveness of the proposed method.

Index Terms—Computation delay, digital control delay, dual-
sampling mode, inverter, real-time computation.

I. INTRODUCTION

DISTRIBUTED power generation system (DPGS) is an
A effective way to utilize the renewable energy, such as wind
and solar energy, to alleviate the problems of energy shortage
and environmental pollution. As the power conversion interface
between the DPGS and the utility grid, the grid-connected
inverter plays an important role in injecting high-quality current
into the grid [1].

Digital control has been widely adopted in grid-connected
inverters thanks to simple hardware circuit, high disturbance- re-
jection ability, and easy implementation of complicated control
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[2]. However, digital control introduces control delay, including
the computation delay and pulsewidth modulation (PWM) delay
[3], resulting in reduced bandwidth of the control loop [4].
Furthermore, when active damping is adopted [5], right-half-
plane (RHP) poles could be generated and the real part of
the output impedance may be negative, which deteriorates the
system stability [S]-[8]. Therefore, it is significant to reduce
the impact of digital control delay, and the approaches can be
classified into two kinds.

One approach is to compensate the digital control delay by
adding a phase-lead unit [9]-[12] or adopting prediction control
[13]-[15]. The compensation unit G(z) = 1/(1+z~!) is proposed
in [9], which is essentially an infinite impulse response filter and
has positive phase below the Nyquist frequency. Nevertheless,
the gain of the compensation unit becomes infinity around the
Nyquist frequency, which will amplify high-frequency noise.
This problem can be solved by introducing a weighting co-
efficient A, and the compensation unit is changed to G'(z) =
1/[A+(1—X)z~'] [10]. However, the frequency range with effec-
tive phase compensation is narrowed. In order to compensate
the phase delay in a wider frequency range, the compensation
unit is modified as G”(z) = [(1+a+B)—nz ')/(1+az"") by
using the interpolation method [11]. In [12], the polynomial
is used to fit a prediction component with the Taylor formula
to counteract the digital control delay, and a low-pass filter is
cascaded to avoid high-frequency noise amplification. Never-
theless, the above methods cannot completely compensate the
digital control delay. For the predictive control schemes, such
as linear prediction [13], Smith prediction [14], and Kalman
prediction [15], the predictive accuracy depends on the accuracy
of the system model, and the parameters variation, estimation,
and sampling in practical circuit will influence the performance
and stability of the system [16]. Although the predictive error
can be reduced by the extended state observer, it cannot be totally
eliminated [17].

The other approach is to directly reduce the computation
delay by adjusting the sampling instant or the modulation wave
update instant. Instead of locating the sampling instants at the
peak and/or valley of the carrier in the synchronous sampling
mode, the sampling instants are shifted toward the modulation
wave update instants to reduce the computation delay [4], [5],
[18]. However, the sampled signal is not the average value per
switching period and contains aliasing components. Meanwhile,
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the sampling instant may be close to the switching action in-
stant, resulting in switching noise in the sampled results [5].
A multisampling method is proposed in [19], where the sampled
signals and modulation wave are updated multiple times in one
carrier period, and thus, both the computation and PWM delays
are reduced. However, the sampled results are also influenced by
the aliasing and switching noise. In [20], a real-time computation
method is proposed, where the sampling instants are located at
the peak and/or valley of the carrier, and the modulation wave is
updated immediately once the computation is completed. If the
modulation wave is computed out and updated before it inter-
sects the carrier, the computation delay can be eliminated. This
method requires enough time for computation. Although ad-
vanced and high-performance digital signal processors (DSPs)
have fast computation speed, the computation time is still not
short enough when the switching frequency is quite high with
GaN and SiC power devices. In [21], a dual-sampling mode is
proposed to achieve real-time computation for single-phase full-
bridge inverter, and the allowed computation time is one-eighth
carrier period.

Combining the aforementioned two kinds of approaches to-
gether, a hybrid PWM update method for a three-phase ac drives
is proposed in [22]. In a sampling period, the modulation wave is
first updated at the beginning of each sampling period according
to predictive control with the last-period sampled results. Once
the real-time computation of the present-period sampled results
is completed, the modulation wave is immediately updated
again. In this way, the computation delay can also be eliminated.
However, the modulation wave should be computed out and
updated multiple times in one sampling period, and the system
performance depends on the predictive accuracy.

This article aims to directly eliminate the computation de-
lay by choosing suitable sampling instant and adjusting the
modulation wave update instant, and a generalized real-time
computation method with a dual-sampling mode is derived
for three- and single-phase inverters with two- and multilevel
topologies.

The rest of this article is organized as follows. In Section II, the
generating mechanism of the digital control delay is presented.
In Section III, to directly eliminate the computation delay, the
generalized real-time computation method with a dual-sampling
mode is derived based on the two- and multilevel phase-legs. In
Section IV, the working principles of the generalized real-time
computation method with the dual-sampling mode for three-
and single-phase grid-connected inverters are illustrated. In
Section V, the improved current control performance with re-
duced control delay is demonstrated. In Section VI, experimental
and simulation results are provided to verify the effectiveness of
the proposed generalized real-time computation method with the
dual-sampling mode. Finally, Section VII concludes this article.

II. GENERATING MECHANISM OF DIGITAL CONTROL DELAY

In this section, the three-phase two-level LCL-type grid-
connected inverter, as shown in Fig. 1, is selected to illustrate
the generating mechanism of the digital control delay. Vj, is
the input dc voltage, v, (x = a, b, or c¢) is the phase-leg
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Fig. 1. Main circuits and control diagrams of the three-phase two-level LCL-
type grid-connected inverter.
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Fig. 2. Key waveforms of signals sampling and digital SPWM.

voltage and v, is the grid voltage. Three pairs of the inverter-side
inductors L, filter capacitors C, and grid-side inductors Ls form
the three-phase LCL filter. The injected grid currents iy gpc
and the capacitor currents ic_,p. are sampled for computing
the modulation waves, vy1_qpe, Which are sent to the sinusoidal
pulsewidth modulator (SPWM) to generate the drive signals for
the power switches.

Taking phase a as an example, Fig. 2 shows the key wave-
forms of sampling i~ and digital bipolar SPWM, where Tgy
is the switching period. In the synchronous sampling mode,
ic is sampled twice in a switching period, and the sampling
instants (1) are located at the peak and the valley of the carrier,
respectively. Thus, the average value per switching period (the
fundamental component) of i is obtained. At the kth time step,
the sampled current is used to compute vy;. In order to avoid the
unwanted intermediate PWM transitions, vy is updated at the
(k+1)th time step. Thus, the computation delay Teomq = 0.5T 5w
is introduced.

After being updated, the modulation wave is held on for
0.5Ts, and compared with the triangular carrier to generate
the drive signals for the power switches. This behavior can be
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Fig. 3.  SPWM scheme of a real-time computation method for a two-level
phase-leg.

modeled by the zero-order holder (ZOH), expressed as

1— e—O.5sTSW
Gu(s)=———  w~

S

same_0.25STsw- (1)

As seen from (1), the ZOH introduces a delay of half hold-on
time of the modulation wave, which is called the PWM delay,
expressed as Tpwnd = 0.25T 5y, -

III. GENERALIZED REAL-TIME COMPUTATION METHOD WITH
THE DUAL-SAMPLING MODE

A. Real-Time Computation Method With the Dual-Sampling
Mode for the Two-Level Phase-Leg

As discussed in Section II, the PWM delay is always half
hold-on time of the modulation wave. Therefore, reducing or
even eliminating the computation delay is crucial to reducing
the digital control delay. To attain this, the sampling instant or
the modulation wave update instant can be adjusted to make
them closer.

As observed in Fig. 2, by shifting the sampling instant (de-
noted as (2)) toward the modulation wave update instant with the
interval of the computation time 7., the computation delay
is reduced to T.oy,. However, the sampled results are not the
average value per switching period and contain low-order aliased
harmonic components. Moreover, the sampled results might be
distorted by the switching noise if the sampling instant is close
to the switching instance. Thus, shifting the sampling instant is
not a good choice.

In Fig. 3, the sampling instant is still located at the valley
or peak of the carrier, and the modulation wave is updated
immediately after itis computed out, which is named as real-time
computation method. As seen, vy is the ideal modulation wave
obtained at the very instant of sampling and updated without
any delay. The actual modulation wave vypo is obtained with
an inevitable computation delay T¢op,. If vy2 can be computed
out and updated before it intersects vy, the output voltage of
phase-leg v,,, generated by vy is exactly the same as that
generated by vyp;. As a result, the computation delay is totally
eliminated. To realize this, when the sampling instant is located
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Fig. 4. Allowed computation time versus the modulation wave.

at the peak of the carrier, which is the peak-value sampling mode,
the allowed computation time is

Viri — vm2 Tow
2Vvtri 2

where Vi,; is the amplitude of the carrier, and —Vi,; < vyre <
Vtri~

When the sampling instant is located at the valley of the
carrier, which is the valley-value sampling mode, the allowed
computation time is

@)

T‘allow_com_p -

’UM2+‘/tri Tsw
Tallow_com_v = — o . 3
low_com_ A (3)

According to (2) and (3), the allowed computation time in
respect of vy for the valley- and peak-sampling modes are
depicted, as shown in Fig. 4. As seen, the allowed computation
time decreases with vyr2 when using the peak-value sampling
mode, and increases with vy when using the valley-value
sampling mode. Obviously, when vys is close to Vi or — Vi,
the allowed computation time is extremely short.

For the sake of the longer allowed computation time, it is
natural to combine the two sampling modes and only implement
sampling behavior once in a switching period. When —Vy;; <
vme < 0, the peak-value sampling mode is chosen, while when O
< vma < Vi, the valley-value sampling mode is chosen. Thus,
the allowed computation time is shown in Fig. 4 with the heavy
solid line, and the minimum allowed computation time is 7y /4.
This sampling method is named as dual-sampling mode, and
Fig. 5 shows the key waveforms of the real-time computation
method with the dual-sampling mode for the two-level phase-
leg.

To better observe the performance of the synchronous sam-
pling mode, the real-time computation method, and the real-time
computation method with the dual-sampling mode, Table I gives
the comparison among these methods in terms of the compu-
tation delay, PWM delay, total delay, and minimum allowed
computation time.

B. Real-Time Computation Method With the Dual-Sampling
Mode for the Multilevel Phase-Leg

First, the real-time computation method with the dual-
sampling mode is extended for a three-level phase-leg, as shown
in Fig. 6. Fig. 7 shows the key waveforms of the level-shifted
carrier SPWM scheme, where two carriers with the amplitude of
Viri/2 are used. As seen, in the negative half-cycle, viro < Vi1,
0 is turned OFF and Q4 is turned ON. Therefore, when vyo >
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TABLE I
COMPARISONS AMONG SPWM SCHEMES OF DIFFERENT METHODS FOR ONE PHASE-LEG
Phase-leg | SPWM scheme Sampling and modulation Implementlng times of ' Computation | PWM Total delay Mlmmum' alloyved
wave update method sampling in a switching period delay delay computation time
Synchronous sampling mode Tew/2 Tow/4 (3Tw)/4 Tew/2
Two-level | Bipolar SPWM Real-time computation 0 Tol4 Tswl4 Extremely short
Real-time computatlon with 0 .2 T2 /4
dual-sampling mode
Carrier level-
(n+1)-level shifted SWPM | Real-time computation with 0 To/2 Tw/2 Tl
: Carrier phase- dual-sampling mode
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Fig. 5.  SPWM scheme of the real-time computation method with the dual-
sampling mode.

Fig. 6. Topologies of the three-level phase-leg. (a) Capacitor-clamped. (b)
Diode-clamped.

Viriz, Q2 1s turned ON and Qs is turned OFF, resulting in v,, =
0, and when vyjo < V2, Qs is turned OFF and Q3 is turned ON,
resulting in v,, = —Vi,/2. Similarly, in the positive half-cycle,
Va0 has two voltage steps, i.e., 0 and V;,/2. Other three-level
topologies, e.g., T-type topology [23], can also generate the same
phase-leg voltage v,, with the same SPWM scheme, so they are
not discussed here.

When adopting the real-time computation method with the
dual-sampling mode, as seen in Fig. 7, during one switching
period, the sampling behavior takes place once and the sampling

Tw
k3 ktd k+5
@) Valley-value sampling mode

@ vypp update instant

ko k+t1 k+2
(O Peak-value sampling mode

® vy update instant

Fig. 7. Level-shifted-carrier SPWM scheme of the real-time computation
method with the dual-sampling mode for a three-level phase-leg.

mode depends on vy,2, just as Fig. 5. Generally, for an (n+1)-
level phase-leg [24], n carriers are used and their amplitudes
are all Vi,i/n, with the level-shifted carrier SPWM scheme. In a
switching period, the sampling behavior still takes place once,
and the modulation wave is also computed out and updated once
time. Therefore, the PWM delay is Ty/2, and the minimum
allowed computation time is 7Ty /4.

Besides, for the capacitor-clamped three-level phase-leg [25],
the phase-shifted carrier SPWM can also be adopted, as shown in
Fig. 8, where two carriers are 180°-phase-shifted. In the negative
or positive half-cycle, regarding the two carriers vy,i 1 and vy 2
with shadow as one carrier, the waveforms of the modulation
wave and the carrier are similar to those in Fig. 5, only the
equivalent switching frequency is doubled. Therefore, when
using the real-time computation method with the dual-sampling
mode, the sampling behavior is implemented twice during one
switching period, and the sampling modes are also decided by
vMme. Generally, for an (n+1)-level phase-leg with the phase-
shifted carrier SPWM scheme, n carriers are used with 360°/n
shifted phase. In a switching period, the sampling behavior is
carried out n times, and the modulation wave will be computed
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Fig. 8. Phase-shifted-carrier SPWM scheme of the real-time computation
method with the dual-sampling mode for a three-level capacitor-clamped phase-
leg.

out and updated n times. In this case, Tpwna = Tsw/(2n) and
Tallow_com = Tsw/(4n).

The comparison of the real-time computation method with the
dual-sampling mode for an (n+1)-level phase-leg with level-
shifted carrier SPWM and phase-shifted SPWM is also given
in Table I. As seen, with the phase-shifted carrier SPWM, the
PWM delay is reduced to Ty, /(2n). This is because the sampling
behavior is implemented » times in a carrier period and the hold-
on time of the modulation wave becomes T, /n. However, the
minimum allowed computation delay is reduced to Ty /(4n).

IV. APPLICATIONS OF THE GENERALIZED REAL-TIME
COMPUTATION METHOD WITH THE DUAL-SAMPLING MODE
FOR THREE- AND SINGLE-PHASE INVERTERS

Based on the operating principle of the generalized real-time
computation method for one phase-leg, this section elaborates
the applications of the method for three- and single-phase grid-
connected inverters.

A. Real-Time Computation Method With the Dual-Sampling
Mode for the Three-Phase Inverter

Recalling Fig. 1, in the SPWM modulator for the three-
phase two-level grid-connected inverter, one carrier and three
120°-phase-shifted modulation waves are used. To ensure
that each phase modulation wave can be updated within the
minimum allowed computation time, the sampling mode for
each phase-leg is determined independently, as discussed in
Section III-A, and then, the SPWM scheme of the real-time com-
putation method with the dual-sampling mode for the two-level
three-phase inverter can be obtained, as shown in Fig. 9.

As seen, three-phase modulation waves are independently
computed out and updated once in a switching period with
different sampling modes. For example, during the kth period,
phases a and ¢ adopt the peak-value sampling mode, while
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Fig. 9. SPWM of the real-time computation method with the dual-sampling
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Vin/27Z

Vi/272

Fig. 10. Topology of the two-level full-bridge single-phase inverter.

phase b adopts the valley-value sampling mode. In this way,
the computation delay is eliminated, and the PWM delay and
the allowed computation are the same as those of one phase-leg,
ie., Tpwmda = Tsw/2 and Tallow_com = Twl4.

When adopting the real-time computation method with the
dual-sampling mode in a multilevel three-phase inverter, the
SPWM scheme can also be considered as a combination of
that for three independent multilevel phase-legs. Therefore, the
detailed operation principle is not repeated here.

B. Real-Time Computation Method With the Dual-Sampling
Mode for the Single-Phase Inverter

In asingle-phase full-bridge inverter, there are two phase-legs.
For the two-level phase-legs, as shown in Fig. 10, the bipoloar
SPWM can be used. Just as Fig. 5, when vyo > vy, Q1 and
Qs are turned ON and Q3 and Q4 are turned OFF, resulting in
Vinv = Vin/2, when vyo < vy, Q1 and Qo are turned OFF and
Qs and Qy are turned ON, resulting in v, = — Vi, /2. However,
the harmonic components in v;,, is quite large. Acutally, the
popular modulation scheme for a single-phase inverter is the
unipolar and double-frequency SPWM scheme, whose working
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principle can also be illustrated by Fig. 8. When using the
real-time compuatation method with a dual-sampling mode,
the modulation wave is computated out and updated twice in
a switching period. Therefore, the PWM delay is T, /4, and the
minimum allowed computation is 7y, /8.

It is worth mentioning that the real-time computation method
with a dual-sampling mode for the two-level single-phase in-
verter with the unipolar and double-frequency SPWM scheme
is exactly the method proposed in [21].

As for the multilevel phase-legs, the real-time computation
method with the dual-sampling mode can be adopted similarly
according to the SPWM scheme for one phase-leg since it is
still only one modulation wave used in the SPWM scheme. The
PWM delay and the minimum allowed computation delay can
be obtained according to Table 1.

V. IMPROVEMENTS OF CURRENT CONTROL PERFORMANCE
‘WITH REDUCED CONTROL DELAY

When the real-time computation method with the dual-
sampling mode is adopted, the control delay can be reduced. In
this section, the current control performance of the three-phase
LCL-type grid-connected inverter is analyzed to demonstrate the
improvements brought by the reduced control delay.

A. Modeling the LCL-Type Grid-Connected Inverter

The main circuits and control diagrams of the three-phase
LCL-type grid-connected inverter are given in Fig. 1, where the
LCL filter can be designed with the method given in [26]. ig_gpc
are sampled with the sensor gain of H;5 and transferred to i;_o
with abc/a/3 transformation. Then, iy, 5 are compared with the
current reference i ot o3, and the errors are sent to the current
regulator G,(s). The capacitor currents are fed back with the
coefficient of H;; to damp the LCL filter resonance [5]. Subtract-
ing ic op from the output of G;(s) yields the modulation waves
VM_ag- On this basis, the mathematical model of the LCL-type
grid-connected inverter under the o8 frame can be obtained.
Since the mathematical models of the «-axis component and
the $-axis component are the same and decoupled, Fig. 11 only
gives the mathematical model of the a-axis component, where
Ga(s) = T represents the digital control delay, Kpwy =
Vin/(2V4,4) is the transfer function from vy, t0 Vipy o, and Vi
is the amplitude of the triangular carrier.

According to Fig. 11 and using the equivalent transformations
presented in [6], the current loop gain 7(s) can be obtained as

T(s)
_ KpwumGi (s) Gq (s) H,

o S3L1LQC + S2L20Hi1KPWMGd (8) + s (L1 + LQ) ’
(4)

Mathematical model of the LCL-type grid-connected inverter at the «-axis.

To guarantee the zero-error tracking performance, the
proportional-resonance (PR) regulator is adopted here, ex-
pressed as [27]

2K, s

Gi(s) = Kpy+———
(S) P+82+wg

(&)
where K, is the proportional coefficient, K, is the resonant
coefficient, and w,, is the fundamental angular frequency.

In order to guarantee system stability, the crossover frequency
fc is usually designed much lower than the resonant frequency
of the LCL filter, f. [28]. Therefore, at f. and the frequencies
lower than f;, the LCL filter can be regarded as an L filter. Thus,
the magnitude of 7(s) is simplified as

HisKpwuG; (
s(Ly + L2

T (s)] ~

‘ His Kpwn G (s)
s(Ly+ La)
(6)
Meanwhile, the PR regulator can be reduced to a proportional
gain at f,, and thus, we have |G,(s)| ~ K. Letting |T(j27f.)| =
1 yields

2 (L1 -+ LQ)

K, ~
P KpwnHio

Je- (N

B. Current Control Performances With Different Reduced
Control Delay

The performance of current control can be judged from fol-
lowingindices: 1) the loop gain atf, 4+ 0.5 Hz, denoted as T¢,+¢.5,
which is usually designed larger than 75 dB to ensure that the
steady-state error of the grid current is less than 1% when the
grid frequency fluctuates from f,—0.5 Hz to f,+0.5 Hz; 2) the
phase margin (PM), which is usually designed larger than 45°
to preserve good dynamic performance; and 3) the gain margin
(GM), which is usually designed larger than 3 dB to ensure the
system robustness.

Substituting s = j27(f, £0.5) into (5), we have

G (27 (f,£05)) = K, T m ®)
Since f, >> 0.5Hz, (8) can be approximated as
Gy (27 (fo £0.5)) = K, F jK,. )
Substituting (9) into (6) leads to
Tfoi().S =20lg |T (j27Tfoi().5)\
— 20l HisKpww (Kp £ jK,) (10)

j2m (fo £0.5) (Ly + Lo) |
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Substituting (7) into (10) and manipulating, K, constrained
by Tto+0.5 is obtained as

fot0.5

T 2 L L
Ki rforos = \/10T (fo£0.5) — fcw

HiKpwa
(1D)

According to Gq(s) = e*', the phase-leg introduced by the
digital control delay G4(s) is expressed as

ZGd (]27Tf) = —360° - Tdf.

Substituting G4(27fx) = —90° into (12), the frequency f,
where G4(s) introduces a 90° phase-leg, can be derived as

fx = 1/(4T4). 13)

When f; < fx, the phase of 7(s) always crosses over —180° at
f» so the resonance peak at f,. should be damped below 0 dB to
ensure system stability. When f; > f, the phase-leg introduced
by G4(s) makes the phase plot of 7(s) crossover —180° at f; in
advance. Therefore, GM is expressed as

_ _QOIg‘T(jQWfr”a frgfx
GM = { —201g |T (j27 f)l 5 fr > fx-

Substituting (4) into (14), the boundary of H;; with respect
to f. under the constraint GM can be derived as

Hi_aw (fe)

sTd

(12)

(14)

fr < fx

GM 2 2 o (15)
Srfed [10 20 (%) fo+ jrfxfx] s> fx

Substituting s = j27f, into (4), PM can be expressed as

rWi

T fo Kp
Hij Kpww fe cos (2 fTy)

PM = g — 2n f. T4 — arctan

— arctan

2m (f2 — f2) L1 + Hi Kpww fosin (27 foTa)

(16)

Since H;; should meet both PM and GM constraints, H;; in
(16) should be substituted by H;1_cai. Then, substituting (7) and
(15) into (16), the boundary of K, with respect to f, under both
the PM and GM constraints can be derived as (17), shown at the
bottom of next page.

Substituting the constraint of T¢,195 > 75 dB, GM > 3
dB, PM > 45°, and the parameters listed in Table II given in
Section VIinto (11) and (17), the satisfactory regions of K, and
[ for different T are depicted, as shown in Fig. 12. As seen, the
satisfactory region becomes larger as T4 reduces, and larger K,
and f, can be selected to improve the steady-state and dynamic
performance.

Here, we choose f. = 750 Hz and K, = 50, corresponding
to point A in Fig. 12, as a design example. Then, K}, = 0.312
and H;; = 0.7 can be, respectively, obtained according to (7)
and (15). According to (4) and the parameters given in Table II,
the Bode plots of the current control loop of the three-phase
grid-connected inverter, T3,(s), with Tq = 0.75T,, and Tq =
0.5Ty, can be depicted, respectively, as shown in Fig. 13 . As
seen, when Tq = 0.75T,, T3, (s) has a pair of RHP poles, yet it
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TABLE II
PARAMETERS OF THE THREE-PHASE TWO-LEVEL GRID-CONNECTED INVERTER

Parameter Symbol | Value Parameter Symbol | Value

Input voltage Vi 700V || Grid-side inductor L, 1.4 mH
Resonant
Rated power S 6 kVA | frequency of LCL fe 1613 Hz
filter
Gridvoltage | V. [220 Vims| AmPlitudeofithe |y, =)y sa0 y
triangular carrier

Fundamental Proportional

Frequency o S0 Hz coefficient of Gi(s) & 0.312

Switching Resonant

frequency Jow 10 kHz coefficient of Gi(s) K >0
Inverter-side Feedback

v L 3.2 mH coefficient of H;y 0.7
inductor B
capacitor-current
Filter capacitor C 10 uF Grid cur@nt Hp 1
senor gain
80 — I=0.75T
---- T4=0.5Ty

0 500 £ (Hz) 1000 1500
Fig. 12.  Satisfactory regions of K, and f. constrained by 7%, PM, and GM.
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~ =360 :
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Frequency (Hz)
Fig. 13.  Bode plots of the current control loop gain T3y, (s) with different

control delay.

has no positive or negative crossing. According to the Nyquist
criterion, the system is unstable. When Ty = 0.5, T3,(s) has
no RHP pole and positive or negative crossing. Therefore, the
system is stable, and PM = 46° and GM = 8.2 dB. Agreeing
with Fig. 12, the system is stable when T4 = 0.57,, while it is
unstable when Ty = 0.757,.

Similarly, the current-loop parameters of the two-level single-
phase grid-connected inverter can also be designed, as listed in
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TABLE III
PARAMETERS OF THE SINGLE-PHASE TWO-LEVEL
GRID-CONNECTED INVERTER

Parameters | Symbol | Value Parameters Symbol | Value
Input voltage Vi 380V | Grid-side inductor | L, 230 uH
Resonant
Rated power S 6 kVA | frequency of LCL fr 3811 Hz
filter
Grid voltage Ve 220 Vrms | Carrier amplitude | Vi | 4.578V
Fundamental Proportional
frequency o S0 Hz coefficient of Gy(s) & 0.08
Switching Resonant
frequency Jow 10 kHz coefficient of Gy(s) & 20
Inverter-side Feedback
. L, 720 uH coefficient of H; 0.1
inductor .
capacitor-current
F 11t§r c 10 4F Grid curre':nt Hy 1
capacitor senor gain
100
=
= 50
]
2
‘g 0
2
=
=50
0
180
Q
3 ™
= RS
A~ =360
—T4=0.75T
—540L- Ty=0.25T, :
10 10° 107, 10*
Frequency (Hz)
Fig. 14.  Bode plots of the current control loop gain Ty, (s) with different

control delay.

Table III. According to (4) and the parameters given in Table III,
the Bode plots of the current control loop of the single-phase
grid-connected inverter, T,(s), with Tq = 0.75T,, and Tq =
0.25T4, can be depicted, respectively, as shown in Fig. 14. As
seen, when Tq = 0.75Ty,, T1(s) has a pair of RHP poles, yet it
has no positive or negative crossing. Thus, the system is unstable
according to the Nyquist criterion. When Tq = 0.257%,, the
system is also stable, with PM = 59° and GM = 5.2 dB.

VI. EXPERIMENTAL VERIFICATION

A. Experimental Results

The prototypes of a 6-kW three-phase two-level LCL-type
grid-connected inverter and a 6-kW single-phase full-bridge
LCL-type grid-connected inverter are fabricated in the labo-
ratory, as shown in Fig. 15. The main parameters of these
two inverters are listed in Tables II and III. Both of them

5193

'/.Filter v,
5
inductors

DC-stde
capacitors

(®)

Fig. 15. Photographs of the prototypes of (a) three-phase grid-connected
inverter and (b) single-phase grid-connected inverter.

Y
i . # Disable the real-time
omputation method with
A Jual sampling mode

i Time: [10ms/div]

Fig. 16. Experimental waveforms of the three-phase grid-connected inverter
with unipolar and double-frequency SPWM. vg_5: 200 V/div and ig_,: 50 A/div.

are implemented with insulated-gate bipolar transistor modules
(CM100DY-24NF), which are driven by M57962L. The grid
voltages are sensed by voltage halls (LV25-P). The filter capac-
itor currents and the grid currents are sensed by current halls
(LAS55-P). All the signals are sampled by 14-bit A/D converters
(MAX1324-ECM), and the proposed control scheme is per-
formed in a DSP (TMS320F2812). Meanwhile, a programmable
ac source (Chroma 6590) is used to simulate the grid.

Fig. 16 shows the experimental waveforms of the three-phase
grid-connected inverter. As observed, when the real-time com-
putation method with the dual-sampling mode is enabled, the
control delay is 0.57,, and the grid current is stable. Once

212 f2(Ly + Lo) 2nLy (f2 — f2) cos (PM + 27 f Ta) — KpwnmHin_awm (fe) sin (PM) fe

Kr_SM (fc) -

wiHipsKpwwm  2mLy (f2 — f2)sin (PM + 27 f Ty) + KpwnvHii_aum (fe) cos (PM) fe

a7
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v;é [200V/div] Triggers protection

fff?[soéf?i‘f]

~

g \ / \ ‘/“ ; \ /

Disablé the real—timg/
computation method with
=~ / dual sampling mode

% Time: [10ms/div]

Fig. 17.  Experimental waveforms of the single-phase grid-connected inverter
with unipolar and double-frequency SPWM.

TABLE IV
PARAMETERS OF THE SINGLE-PHASE THREE-LEVEL
GRID-CONNECTED INVERTER

Parameters | Symbol | Value Parameters Symbol | Value
Input voltage Vi 380V | Grid-side inductor| L, 60 uH
Resonant
Rated power S 6 kVA | frequency of LCL I 7502 Hz
filter
Grid voltage Ve 220 Vrms | Carrier amplitude Vii 4.578V
Fundamental . Proportional
frequency o S0 Hz coefficient of Gy(s) K 0.0675
Switching Resonant
frequency Jow 10 kHz coefficient of G(s) & ?
Inverter-side Feedback
N Ly 180 uH | coefficient of Hy 0.08
inductor X
capacitor-current
Fllte_r c 10 uF Grid current H, 1
capacitor senor gain

the sampling mode is changed to the synchronous sampling
method, the control delay increases to 0.75T,, and the system
becomes unstable. Fig. 17 shows the experimental waveforms
of the single-phase grid-connected inverter. As seen, once the
real-time computation method with the dual-sampling mode is
disabled, the grid current oscillates soon and triggers protection.
The experimental results shown in Figs. 16 and 17 agree with
the stability analysis in Section V and verify the effectiveness
of the proposed method.

B. Simulation Results of the Multilevel Grid-Connected
Inverters

Simulation is performed with MATLAB/Simulink using a
capacitor-clamped three-level inverter grid-connected inverter.
The main parameters are given in Table IV; nevertheless, the
detailed design procedure is not given due to page limits.

Fig. 18 shows the simulation results. The inverter is connected
to a stiff grid, and the grid voltage remains sinusoidal. As
seen, the grid current oscillates immediately once the real-time
computation method with the dual-sampling mode is disabled.
The simulation results verify the effectiveness of the proposed
method in multilevel grid-connected inverters.
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Disable the real-time computation ¥
method with dual sampling mode i)
T e TR T LA MW

; : Tii l
T S0A/dive L w/ W Lw U\m

4ms/div |

Fig. 18. Simulation waveforms of the capacitor-clamped three-level grid-
connected inverter with level-shifted SPWM.

VII. CONCLUSION

This article first illustrated the generating mechanism of
control delay, including computation delay and PWM delay,
in a digitally controlled grid-connected inverter. By choosing
suitable sampling mode and adjusting the modulation wave
update instant, a generalized real-time computation method
with the dual-sampling mode was derived to directly elimi-
nate the computation delay, based on an (n+1)-level phase-leg.
Then, the operation principles of this method for the three- and
single-phase inverters with two- and multilevel topologies were
elaborated. Besides, this article analyzed the improvements of
current control performance with reduced control delay. Finally,
the theoretical analysis and the effectiveness of the proposed
method were verified by the experimental and simulation results.
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