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Abstract—This letter proposes a fast current control scheme
for ac drives by minimizing the latency from current sampling to
the updation of a pulsewidth-modulation (PWM) command. By
reconstructing the architecture of a linear controller, the minimal
necessary steps to obtain the output voltage are deduced as the
primary calculation, and the other computation work of the cur-
rent loop is done in the postcalculation after updating the PWM
command. With the proposed method, the computational delay is
reduced with negligible loss in the available modulation index, and
a higher stability margin or system bandwidth is realized. Also,
the developed controller structure exhibits inherited antiwindup
characteristics. The technique has been validated by experimental
investigations on a permanent magnet synchronous motor.

Index Terms—Antiwindup, current

control, stability margin.

computational delay,

1. INTRODUCTION

IGH-PERFORMANCE ac drives require efficient inner-
H current loops. Important contributions to the theory and
practice have been provided in [1]-[3] on current controller
design and parameter tuning. In terms of the dynamic control
of current loop, the modulation delay and the computational
delay limit the bandwidth and robustness of the control system
because of the introduced phase lag [1]. Generally, the typical
value of the computational delay is one sampling period T
due to the nonzero calculation time of microcontrollers and the
synchronization of current sampling and updation of pulsewidth
modulation (PWM) command to the carrier wave [1]—[5]. The
volt—second contribution of the switching process results in an
averaged modulation delay of 0.5 Ts. A total digital delay of
1.5 Ty typically exists in electric drives.
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Increasing the sampling frequency can directly reduce the
digital delay and, thus, improve the current control performance.
In PWM-controlled drives, a basic approach is using the dual-
sampling-and-updating scheme, so that twice the switching fre-
quency of the sampling frequency is achieved. The wide bandgap
semiconductors allow a higher switching frequency, and thus,
the digital delay can be reduced [6]. The sampling frequency
can also be higher and independent of the switching frequency
if the none-PWM scheme is used, e.g., finite control-set model
predictive control [7]. However, the heavy computational burden
may restrict its applications.

Alternatively, the digital delay can be decreased by elimi-
nating the computational delay, which requires updating the
PWM command immediately after sampling the currents [8],
[9]. The timing sequence is shown in Fig. 1, where the current
is sampled at the carrier valley and peak. Since the switches
should not act during the control loop calculation, the maximum
modulation index is limited depending on the update latency.
Strong computational power is required to minimize Typdate
and most servo applications utilize the field-programmable gate
array (FPGA). Yang et al. [10] present a digital signal processor
(DSP)-based scheme for LCL-type grid-tied inverter with full
output voltage range. Improved robustness is realized; however,
this method is restricted in the single-phase system. Optionally,
the sampling instants can shift forward to allow a full modulation
index, but it suffers from aliasing and switching noise distortion
[9]. Nevertheless, minimum update latency is desired for both
options to expand the output voltage range or reduce the sampled
harmonic currents.

Reduced update latency can also be achieved by optimizing
the current control schedule. In patent [11], a faster current
feedback path in the control algorithm is applied for quick
current response; thus, the passivity of the power converter is
improved due to the reduced digital delay; other parts of the
current controller including integral and resonance control are
done in other slower tasks.

This letter develops a fast current control scheme to minimize
the update latency for three-phase ac drives where the maximum
modulation index is not crucial. The proposed scheme comprises
a primary calculation that utilizes minimal steps to obtain and
update the PWM command, and a postcalculation for other
computational burdens of the current loop, which has similarity
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Fig. 1. PWM command D(k) is updated in the present control period with

the latency Typdate to the current sampling, and it remains active until the next
update event, i.e., from kTs+Typdate t0 (k+1)Ts+Tupdate. To ensure a definite
switching behavior, D(k) should be limited so that it will not intersect with the
carrier wave during the analog-to-digital conversion and calculation.

Fig. 2.

Block diagram of conventional current control.

with the work in [11]; however, it provides an explicit solution
for arbitrary linear controllers to reduce the update latency by
modifying the controller architecture. Especially, the update
latency is identical for either a simple PI controller or other
complex controllers. With the reduced computational delay,
higher stability margin and system bandwidth can be further
realized.

II. PERFORMANCE DEGRADATION WITH THE
COMPUTATIONAL DELAY

Fig. 2 demonstrates the conventional current control, where
+* and ¢ are the reference and feedback currents, respectively,
u and u are the unconstrained and constrained voltage com-
mand, respectively, C'(z) is the current controller, G4(z) is the
computational delay, and P(z) is the plant model. “Sat.” is a
saturation block treated as a unit gain in linear analysis. In the
synchronous reference frame (dg-frame), a typical plant with
inductive-resistive behavior in the complex transfer function
[3] is given by

1 1—0p
——r ()

P(Z):Eejwe 7 —p

where p = e F</LsTs with R, and L, being the resistance

and inductance, respectively, 7% is the sampling period, w is the
electrical angular speed and the modulation delay is included in
the model by the zero-order hold method.

The one-step computational delay is modeled as G4 (z) =
e 7wTs »~1in the dg-frame, since the rotational transformation
rises extra phase lag. Considering a discrete-time complex PI
controller with pole-zero cancellation [3]

Ry elwelsy —p

2
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Fig. 3. Frequency responses and margins of the open-loop transfer functions

Gioop(2). (Conditions: K = 0.3, Ty = 50 ps).

where p = e B</LsTs R and L, are the nominal values of
R, and Ly, respectively, and ¢ = e/“Ts compensates for the
phase lag introduced from G 4(z). If there is no computational
delay (G4 (z) = 1), ¢ = 1 should be used in (2). For the two
cases with and without the computational delay, their open-loop
transfer functions Go0p (2) = G4 (2)C(2)P(z) differ in a pure
delay. Fig. 3 shows the frequency responses. They have identical
magnitude plot with the cross-over frequency denoted by f.
but different phase responses. The one-step computational delay
leads to degradations in phase margin (PM) of APM = 27 f. T
and in gain margin (GM) of APM = 6 dB (as the GMs are
1/K and 2/K, respectively). Therefore, if the computational
delay is eliminated, a higher stability margin can be obtained,
or higher control system bandwidth is allowed under a given
stability margin.

III. PROPOSED METHOD

Eliminating the computational delay from the current loop
requires a small update latency. Sampling current at the carrier
peak or valley is assumed; thus, the duty-cycle of the PWM
command should be constrained by software based on the la-
tency to ensure definite switching actions. This requirement is
inherently met in the proposed method as it integrates the signal
conditioning antiwindup approach [12].

A. Basic Concept

The causal and biproper controller C'(z) that has the same
number of poles and zeros can be rewritten as

C (2) =g +C(2) 3)

where g, is a direct feed-through gain and C(z) is a strictly
proper transfer function involving the dynamic controller states.

The signal conditioning antiwindup approach proposed in
[12] reconstructs the controller with the concept of realizable
error, as shown in Fig. 4(a). The realized current error is defined
as Ai(z) and supposed to generate the constrained voltage
reference @(z) if fed solely to the controller C'(z) instead of
Ai (z) =1i* (2) — i(z), which yields

u (2) = sat {gcAi (2) + C (2) Ai (2)}
= goo Al (2) + C (2) Ai(2). 4)
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Fig. 4. (a) Conditioned antiwindup current controller architecture [12]. (b)
Concept of the proposed scheme to reduce the computation time.

Solving (4) gives the realized current error based on the
constrained voltage reference

Al (2) = g [a(2) - C(2)BI(2)]. 5)

When the saturation is triggered, using g, Ai(z) or g, Ai(z)
has an equal contribution to the constrained voltage @(z), there-
fore

u(z) =

sat { g Al (2) + C (2) Ai(2) }
= sat {gcAi (2) + C (2) Ai(2)}. (6)

Combining (5) and (6) gives the conditioned controller ar-
chitecture in Fig. 4(a) [12]. In addition to the characteristics
of antiwindup and no requirement for algebraic reformulation,
another feature of this architecture that has not been explored
previously will be used here to reduce the updating latency. The
variable uss(z), which can be considered as the steady-state
output (when Ai = 0), is obtained by

— 90 (2)
VA B =TT

As C(z) is strictly proper, u () is only involved with the
past constrained voltage references and independent of the error
information at the present control period. This feature allows
calculating the voltage reference with the only Ai(z) and uss(2),
and updating other controller states later; thus, the update la-
tency can be reduced. In other words, part of the current loop
calculation will be done after refreshing the voltage reference.

Since calculating u 4 usually leads to extra multiplication and
addition operations with the states in C'(z) (e.g., the realization
of C(z) using the direct form II), an explicit delay is separated
from C(z), as shown in Fig. 4(b) so that u,, can be directly
obtained from the state z~! and no other operations are required
for ug, in the primary calculation. Meanwhile, 2C(z) is still
proper and realizable because C(2) is strictly proper. Then, the
current control can be implemented in following two steps.

uss (2) =C (z a(z). (1)

Step 1. Primary Calculation: Multiplying the current error A
with g, and accumulating u, and then, the obtained voltage
reference is saturated and updated at the end of this step.

Step 2. Post Calculation: Update the states in 2G () based on
the signals of this period.
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Fig. 5. Schedule for the proposed current control scheme. T'Ap, 71, and
Te2 are the time for A/D conversion, primary calculation, and postcalculation,
respectively.

Fig. 5 shows the schedule of the controller tasks. The timing
to sample the rotor position for the field-oriented control (FOC)
of motor drives or phase angle for the voltage-oriented control
(VOC) will be discussed in Section III-B. It should be noted
that the update latency Typdate = 11 +Tap will be identical in
a given hardware platform for either a complicated controller
or a simple one, as the computational burden differs in the
postcalculation. Thus, those complex controllers, such as several
resonant controllers in parallel to eliminate multiple harmonics
[5], can benefit more from this architecture in reducing the
update latency.

B. Eliminating Frame Transformation in Primary Calculation

The variable 6 representing the rotor position in FOC or
voltage phase angle in VOC is required in the outer loop and the
coordinate transformation. The time to obtain # may be much
longer than the current loop, e.g., the communication with an
absolute encoder typically spends dozens of microseconds. To
consider a general case and avoid the adverse effect on current
control, the instant to sample @ is shifted before current sampling
with time T} /;, as shown in Fig. 5, where 0'(k) is the sampled
value, and 6 at the instant of current sampling is calculated by

0 (k) =0 (k) +w.T. (8)

The trigonometric functions required in FOC or VOC can also
be calculated in advance within the outer loop.

Most of the current controllers are designed in a3-frame or
dg-frame for the advantages including clearer physical insights
and less coupling among the controlled variables. To address
the frame transformations, the controller in transfer matrix form
shown in Fig. 6(a) is considered now, where 1" and T',,, are the
matrixes of transformation and inverse transformation, respec-
tively; the variables of current and voltage become real-value
vectors and are denoted in bold type, the gain g is a square ma-
trix, and the subscript “7”” indicates a variable in the transformed
frame. The method of converting a complex transfer function to
a transfer matrix can be found in [13]. Surely, the computation
latency is increased with the frame transformations.

To further reduce Typdate, removing the frame transformation
from the primary calculation is expected. It may be a choice to
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Fig. 6.  Controller requiring frame transformation.
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Fig. 7. Block diagram for the proposed fast current control scheme. The
feedforward control with &4 or ey, is optional and mutually exclusive.

transform the controller in cS-frame or dg-frame to the three-
phase coordinate, but the controller complexity will increase
significantly, especially for anisotropic or high-order controllers.

The separation of controller gain and dynamic states in the
utilized controller architecture allows a different solution. Only
the controller gain is converted, whereas the other part of the
controller remains in the original frames, as shown in Fig. 6(b).
The new controller gain is calculated by

g; - Tinv gooT (9)

It should be mentioned that the architectures in Fig. 6(a) and
(b) may not be identical if different saturation strategies are
implemented. In this letter, the saturation is explicitly applied
to the duty cycle of each phase PWM command, so that the
limitation can be set directly based on the update latency T,pdate
and the utilization of dc-bus voltage can be maximized. The
detailed block diagram of the whole current control is shown
in Fig. 7, where Kpw\ scales the voltage command .. to
per-unit value D/abc and can be omitted by being included in g ..
Noting that 6(k + 1) is used for the dg-to-abc transformation
instead of é(k) to compensate the effect of frame rotation as the
delay block here is behind the transformation. The space vector
PWM uses the well-known zero-sequence injection method [14]
with the injected signals being

Dinj =

(1 — max D.,,, — min D’abc) .10

1
2
In real-time control, the maximum value of Typqate 1S

bounded, which can be known in advance or measured in run-
time. Then, the constraint for the PWM command is given by

Tupdate/Ts < Daanch < 1 _Tupdate/T‘:- (11)
—_——— —_———

Din Dmax
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C. Feedforward Control

The voltage feedforward control can be combined into the
proposed scheme. A feedforward signal denoted by e, is added
to the output voltage wqpc; since the antiwindup will feedback
the output voltage to the controller, the effect of e, should be
counteracted, resulting in e, injected to the control loop as
the gray dotted arrow shown in Fig. 7. The feedforward control
can benefit from the reduced computational delay, providing that
€qbc 18 timely. In grid-connected voltage source converters, the
sampling instants of the grid voltage are not constrained like the
converter current; thus, it is recommended to sample the grid
voltage and finish calculating the feedforward signal prior to the
current feedback control, e.g., in the outer loop [cf., Fig. 5], so
that a timely e, would be available in the primary calculation.
In motor drives, an alternative is feedforwarding the estimated
back electromotive force (EMF) é4, in the synchronous refer-
ence frame as the gray dashed arrow shown in Fig. 7. The delay
block would have a quite limited effect on feedforwarding €44
as it is usually quasi-constant (proportional to the rotor speed
whose rate of change is much slower).

IV. EXPERIMENTAL RESULTS

The experiments are conducted on a three-phase PMSM con-
nected to a voltage-source inverter with the parameters being
pole-pairs P. = 2, phase resistance Rs = 0.29 2, inductance
Ls = 0.5 mH, dc-bus voltage uq. = 30 V, and switching fre-
quency fgw = 10 kHz. The dual-sampling-and-updating scheme
is applied with a sampling period T = 50 ps. Another PMSM is
mechanically coupled with the tested motor as a load. A control
board with a 200-MHz microcontroller TMS320F28379D is
used, where two 12-b A/D converters sample the currents of
phases A and B simultaneously. No other coprocessor is used.
The tested motor is operated in current control mode in the
experiments.

A. Stability Margin

The PI controller in (2) is used as the current controller to
compare the robustness of current control with and without the
computational delay. Fig. 8 shows the current responses with the
controller parameters ﬁs = ALy, ]:Zs = AR, slowly increasing
from A = 1 to A = 9. When the one-step computational delay
exists, observable oscillation appears at A~=3.3 and soon the drive
protection is triggered, as shown in Fig. 8(a). This is coincident
with the theoretical GM (1/K = 3.33). The contrastive results
with the proposed method to minimize the computational delay
are given in Fig. 8(b). The oscillation appears at A~5.4, which
may be resulted from the measurement noise who has become
more influential. At A>2/K = 6.66 the system does not go unsta-
ble, which could be the limited dc-bus voltage and antiwindup
mechanism. Nevertheless, a more robust performance against
parameter variations with the reduced computational delay is
validated.

To evaluate the small-signal performance, a 0.3-A-sinusoidal
perturbation is summed to the constant reference current, and the
calculated open-loop frequency responses are shown in Fig. 9.
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viation “CD” denotes the one-step computational delay.

At each high-frequency test point, 100 sequential sine waves
are recorded to increase the signal-to-noise ratio. The measured
responses appear to be accordant with the simulation results; the
tiny difference may come from the mismatch of the controller
parameter or the current scaling error. The magnitude plots of the
responses with and without the one-step computational delay are
almost identical, whereas the phase plots differ. Higher PM of
the response with the proposed method is observed. Therefore,
the improvement achieved in reducing the computational delay
is proved.
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Fig. 10.  Time consumption with the proposed scheme.

B. Evaluation of Time Consumption

The time consumption of the proposed scheme is measured
by recoding the counter of the PWM timer at the corresponding
instants. In addition to the single PI controller, more complicated
controllers are evaluated by adding multiple resonant controllers
(RCs) in parallel. The results are shown in Fig. 10. The algorithm
is programmed in C code and the compiler optimization level
is “-02.” The update latency Tpdate = Te1 +Tap = 0.76 s is
identical for the tested controllers as discussed in Section III-A,
and the complex controllers can benefit more by migrating the
computational burden to the postcalculation. Accordingly, the
constraints for the PWM duty cycle can be set as Dy, = 1.6%
and Dyax = 98.4% with a little margin, yielding an acceptable
loss of 3.2% in the output-voltage range.

V. CONCLUSION

This letter develops a method to reduce the update latency
from current sampling to refreshing PWM command with a
reconstructed controller architecture, which allows us to cal-
culate the PWM command with minimal steps in the primary
calculation and avoid frame transformation. Especially, the up-
date latency is identical for either simple or complex linear
controllers. Antiwindup is also inherited from the controller
structure. With the proposed method, small update latency is
realizable in conventional microcontrollers; thus, the computa-
tional delay is minimized with negligible loss in output-voltage
range, and the stability margin or the current control bandwidth
can be expanded.
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