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Feedforward Bandwidth Prediction
Luigi Malesani,Fellow, IEEE,Paolo Mattavelli,Associate Member, IEEE,and Paolo Tomasin

Abstract— An improved implementation of the constant-
frequency hysteresis current control of three-phase voltage-source
inverters is presented. A simple, self-adjusting analog prediction
of the hysteresis band is added to the phase-locked-loop control
to ensure constant switching frequency, even at a high rate of
output voltage change, such as required in active filters, fast
drives, and other highly demanding applications. This provision
also improves the relative position of phase modulation pulses,
thus reducing the current ripple. The prediction method is
robust and uses a small number of inexpensive components. It
does not require trimming or tunings, giving the whole system
the capability to adjust itself to different load conditions. Thus,
the control becomes suitable to hybrid or monolithic integration.
In this paper, the basic principles are described, and a detailed
stability analysis is done. The control performance is illustrated,
both by simulated and experimental results.

Index Terms—Constant switching frequency, hysteresis current
control, voltage-source inverters.

I. INTRODUCTION

H YSTERESIS current control of voltage-source invert-
ers (VSI’s) offers an unsurpassed transient response in

comparison with other analog and digital techniques, which
makes it advisable to adopt this method in all cases where
high accuracy, wide bandwidth, and robustness are required
[1]–[5].

Hysteresis control is essentially an analogic technique. De-
spite the advantages given by the digital controls, in terms
of interfacing, maintenance, flexibility, and integration, their
accuracy and response speed are often inadequate for current
control in highly demanding applications, such as active
filters and high-precision drives [6]–[10]. Indeed, in these
applications, current reference waveforms characterized by
high harmonic content and fast transient must be followed by
good accuracy. In these cases, the hysteresis method can be a
good solution, provided some improvements are introduced to
overcome its main limitations, which are the variations of the
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switching frequency and the sensitivity to phase commutation
interferences. To this purpose, a variety of provisions, both
analog and digital, have been proposed by several authors
[11]–[18]. According to the actual trend, some proposals are
almost completely digital, limiting the analog functions only
to the band-crossing detection [19], [20].

However, when high switching frequency is demanded,
analog solutions offer the fastest performance with a relatively
simple implementation. A fully analog technique, which elim-
inates the interference and gives constant switching frequency,
was presented some time ago in [11]. This technique was
extensively used and proved to be robust and reliable. By
means of a phase-locked-loop (PLL) control, it synchronizes
the phase commutations to a clock, thus ensuring the control of
the reciprocal positions of the phase pulses. In this condition,
similarly to the vector modulation, ripple and noise in the
load are reduced.

However, the synchronization becomes difficult in the pres-
ence of fast variations of the output voltage, which occur when
fast transient or high-order harmonics are met. As a conse-
quence, the switching frequency varies around its reference
value, producing an increased ripple the spectrum of which
extends appreciably below the average switching frequency.
These effects, which can often be neglected in the usual drive
applications, are of some importance in high-performance
drives, ac/dc pulsewidth modulation (PWM) converters, and
active filters. In these applications, the current error affects
the accuracy. In active filters and ac/dc PWM converters, it
represents the residual harmonic content of the current, which
is limited by standards (e.g., IEC-555) and calls for suitable
line input filters of nonnegligible size. If the PLL bandwidth is
increased to improve the speed of response, reduced stability
margins turn out in an increased sensitivity to supply voltage
variations, which represent a serious cause of disturbance of
the regular hysteresis control operation.

A substantial improvement in system response can be
achieved, without affecting the stability, by adopting a
feedforward calculation of the hysteresis band. The first
idea based on this approach, has been recently proposed
in [18]. This method solves the problem of obtaining constant
switching frequency by a purely feedforward algorithm which
calculates the hysteresis band as a function of system variables.

A further improvement of the feedforward calculation of
the hysteresis band is proposed in the present paper. It is
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Fig. 1. Three-phase VSI with motor load.

characterized by the use of both a feedback and feedforward
control, which allows a noncritical estimation of the system
parameters and even a self-adjusting capability to the parame-
ter variations. Moreover, by the use of a proper estimation
algorithm, operations such as multiplication and division,
which are difficult to implement by analog components, are
eliminated, so that a very limited number of conventional
analog components is needed. Finally, the reciprocal pulse
position is kept under control, while the feedforward action
helps the PLL action; thus, the PLL bandwidth can be reduced,
resulting in a better stability. The proposed method is well
suited to high-frequency high-performance current controls.

II. PRINCIPLES OF OPERATION

A. Three-Phase Decoupled Hysteresis Control

In order to explain the proposed feedforward method, let
us first recall the basic concepts of the constant-frequency
interference decoupled hysteresis current control described
in [11].

In Fig. 1, a three-phase VSI is shown with the equivalent
scheme of a typical load. This represents equally well a motor
or an outputLC filter followed by a generic load.

The load equations are

(1)

(2)

where and are vectors of the inverter output voltages and
currents, respectively, is the load midpoint voltage, and

is the unity vector. All voltages are referred to the supply
midpoint.

If are the reference currents, the phase reference voltages
may be defined as

(3)

and the instantaneous current errors as

(4)

Due to the action of load midpoint voltage , each phase
current error is affected by the commutations in the other
phases. This interference causes severe irregularities in the
ordinary hysteresis operation. By introducing a decoupling
term such as

(5)

Fig. 2. Hysteresis comparator operation.

an interference-free modulation can be obtained if the hystere-
sis control is performed on the decoupled error terms

(6)

instead of total errors. Indeed, from (1)–(6), it results

(7)

which shows that terms are independent from .

B. Constant-Frequency Hysteresis Phase Current Control

Once decoupled, each phase control can be performed
independently. The instantaneous phase voltage has a rect-
angular waveshape of amplitude , with duration of
the positive pulse and of the negative one, for a total
period (Fig. 2). Usually, the effects of load resistance
can be neglected, and the phase reference voltagecan be
considered constant during a modulation period; from (7), it
results that current error has a triangular behavior, as shown
in Fig. 2. In these assumptions, from (7), it also results that
the average of the phase voltageover is equal to . By
defining the normalized phase voltage

(8)

and with reference to Fig. 2, it can be derived

(9)

(10)

where is the width of the hysteresis band.
Equation (9) shows that, if is constant, a variable modu-

lation frequency is produced. To obtain a constant period,
the ripple amplitude, like ramp-comparison control, must vary
with the instantaneous value . Accordingly, the variation of
the hysteresis band is expressed by

(11)

The classic analogic tool to control so as to obtain a
fixed frequency is a PLL. This solution, proposed in [11],
employs the hysteresis modulator as a nonlinear voltage con-
trolled oscillator (VCO) (Fig. 3, except the part within the
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Fig. 3. Constant-frequency hysteresis current control.

dashed frame). It can also be adopted in three-phase sys-
tems, as the decoupling eliminates the phase mutual depen-
dence and reduces the waveform irregularities of the error
signal .

An interesting feature of PLL is that it not only keeps
under control the modulation frequency, but also the phase
of the output voltage pulses. For three-phase systems, by
using the same reference clock for all phases, it allows the
system to approach the “centered pulses” condition which is
characteristic of space-vector control and gives an optimal
reduction of the current ripple [21].

Unfortunately, while the PLL is very effective in ensuring a
stable lock to the clock frequency reference, it is only able to
limit the phase displacements for quite slow variation rates
of , so as to give reduced current ripple. To make the
bandwidth fit fast variations of with small displacement
angle, a high PLL bandwidth is called for. This requirement,
however, is in conflict with the stability conditions, mainly
because of large loop gain variations which are produced by
the changes of , according to (11).

An alternative approach to the constant-frequency operation
is proposed in (18), where an open-loop prediction of the
proper bandwidth is adopted. This solution is able to ensure
fast response, as it is not affected by stability problems. How-
ever, to be accurate, the method requires a precise estimation
of the system parameters. Moreover, the centered condition is
not ensured, since there is no direct control of the phase of
modulation pulses.

C. Feedforward/Feedback Modulation Frequency Control

To overcome the limitations of the previous constant-
frequency hysteresis controls, a combined approach can be
adopted; a feedforward band prediction tracks the variations
of the output voltage, leaving to the PLL the task of keeping
the phase displacement under control and correcting for

the estimation errors. The benefits of this approach are
enhanced, if the prediction can be implemented in a simple
way.

The basic scheme of such a control is shown in Fig. 3. The
hysteresis band amplitudeis obtained by the sum of the PLL
term and the feedforward term .

The PLL loop has the same structure described in [11],
with a three-state edge-triggered phase detector (like that
of the comparator II available in the IC CD4046 of the
CMOS logic series) followed by a PI filter. This type of
detector guarantees a capture range equal to the lock range
and gives a zero average phase error. The implementation
of the detector/filter functions, including a lower limitation
of the band amplitude and the centering of the pulses with
respect to the clock reference, can be done in various ways
[11], [22], but essentially results in the same transfer func-
tion.

The band estimator block calculates as a function of ,
according to (9) and (10). Thus, it needs as its input only the
signal , while the reference period is considered
a datum.

The hysteresis comparator is common to the two loops. It
has as inputs the error signaland the band , and produces
the two complementary command signalsand , which carry
the frequency and phase information.

With an ideal estimator performance, would be equal to
the theoretical value of given by (11), which is independent
from the actual modulation frequency. In this hypothesis,
the PLL output would always be nul, resulting in a zero
phase error.

In practice, in addition to the circuit errors and inaccuracies,
some approximations may be introduced in the estimation
process in order to allow a simple implementation of the
estimation block. Thus, the PLL has to correct for these
inaccuracies, requiring some amount of phase error.
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Fig. 4. Simplified estimator implementation.

Fig. 5. Simplified estimator waveforms.

A simple implementation of the band estimator can be
derived by rearranging (9)–(11):

(12)

where the reference band is the hysteresis band needed for
a fixed frequency at zero phase voltage, given by

(13)

The second expression of in (12) can be approximated
as follows:

(14)

with a decreasing error as modulation frequency approaches
.
The implementation of (14) can be done in a simple way,

as shown in Fig. 4. The reference band is integrated over
time intervals and with a time constant .
The integrated output is nulled at every transition of the
driving signal , thus producing a series of triangles the area
of which is proportional to and , as shown in Fig. 5. A
low-pass filter gives , which follows the average value of

, calculated over the actual period. Thus, corresponds
to the second addendum of (14). The approximated value of

is obtained simply by adding the reference band.
For constant system parameters , and is a

constant quantity which can immediately be derived from (13).
In this instance, coincides with its average value, and it is
irrelevant to make the addition before or after the filter (Fig. 4).
Like the PLL control, the feedforward prediction proved to be
fairly tolerant of parameter variations. Indeed, a mismatch only
increases the contribution given by the PLL.

If the load parameters are unknown, can be determined
by adding a simple control loop. Indeed, according to (11), a
correct value of gives the exact band prediction through

(14) and reduces to zero the PLL output. Even taking into
account the presence of ripple, these conditions are met for the
average values of and . Thus, a closed-loop control can be
set up by means of an integrating error amplifier with signal
as input and as output. By a proper choice of the integrator
constant, the loop response can be made slow enough in order
not to affect the regular operation of the hysteresis control.
This control also ensures a tracking of the system parameter
variations, namely, supply voltage and load inductance ,
provided they are not too fast.

Moreover, it can be demonstrated that can also be
employed in the calculation of decoupling term, thus giving
the control a full self-adjusting capability.

The implementation of the estimator of band described
above is characterized by its simplicity, although the in-
troduced approximations have some impact on the system
stability, as shown later. Of course, more precise estimators
may be devised, like that adopted in [18] or based on (12),
instead of (14). They give an almost exact calculation of

, affected only by one modulation period delay, but they
typically require at least one multiplier or divider per phase.
When associated to the PLL loop, they would allow a tight
control of the modulation phase displacement.

III. STABILITY ANALYSIS

Stability analysis is performed, as usual, with reference to
time average over the modulation period.

In principle, estimation of according to (11) does not
depend on the actual frequency. Thus, estimation is a
feedforward path and the stability conditions are determined
only by the PLL path.

As is known, the PLL phase detector can be modeled as
an integrator

PHD (15)

The filter following the PLL typically has a PI structure

PI (16)

being the high frequency gain and the zero of the filter.
The hysteresis comparator of Fig. 3 can be modeled ac-

cording (9), which gives as a function of and .
Thus, and can be considered the input variables and by
substituting in (9) and making the partial derivatives
versus and , the corresponding transfer functions
and are obtained:

(17)

(18)

The PLL block scheme is represented in the upper part
of Fig. 6. The loop gain , at the output of the hysteresis
comparator, is obtained from (15), (16), and (18) and taking
into account that, at the equilibrium, the condition (11) is
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Fig. 6. Block scheme of the feedforward/feedback control.

Fig. 7. PLL and estimator loop gains.

satisfied:

(19)

The gain varies appreciably with . As an example,
for a maximum modulation index of 95%, which corresponds
to a range of between 0.9, varies in a ratio of 1:5.3.
To ensure stability in every condition, a suitable choice of the
loop parameters must be done. In Fig. 7, the asymptotic Bode
diagrams for the maximum and minimum gains, corresponding
to the choice adopted for the experimental tests, are shown.

If an exact, truly feedforward estimation was performed,
this limitation would not be of concern, as PLL has only the
task of compensating for minor errors.

On the contrary, if an estimator approximated implementa-
tion, like that proposed above, is adopted, besides the feedfor-
ward action an additional feedback path is also generated. This
acts in parallel to the PLL path, with the hysteresis comparator
as a common block, as shown in Fig. 6. Indeed, in this case,

is both a function of and of . By deriving (14) and
taking into account (11), the corresponding transfer functions

and are obtained:

(20)

(21)

while for the low-pass filter with time constant , it results

(22)

Fig. 8. Simulated behavior of hysteresis control with PLL only.

The loop gain of the estimation path, considered alone,
is derived from (11), (13), (18), (20), and (22) and assuming
that

(23)

varies with even more than . For the same mod-
ulation index as above, the variation ratio becomes roughly
1:10. If has the proper value given by (13) and
has a low frequency amplitude equal to 1. At high values of,
near the unity, the low-pass filter reduces the feedback gain
before the modulation frequency . Typical Bode diagrams
of are shown in Fig. 7.

The two feedback loops, acting in parallel, result in an
overall loop gain given by their sum

(24)

To ensure the stability, for any value of , the crossing of
with the unity gain must be kept below by a suitable

margin.
The filter , needed to smooth the ripple and to ensure

stability, also limits the feedforward action at high modulation
frequencies. This mainly affects the effectiveness of the band
estimation in reducing the phase displacements.

It should be pointed out that these limitations interest only
the phase relationship between the phase pulses and affect
only the current ripple. As in every hysteresis modulation, the
average error over a modulation period remains essentially
near zero.

IV. SIMULATION

The proposed control was extensively simulated to test its
effectiveness and to evaluate the improvements with respect
to the original constant-frequency hysteresis method [11], [22]
and other current control methods [1]–[5]. The simulation was
also employed for the choice of suitable parameters for the
PLL and the band estimator, in order to optimize the response,
while ensuring stability and robustness. As a results of this
tradeoff process, it was found that it is advisable to keep the
PLL bandwidth slightly lower than that of the estimator filter.

As an example of simulation results, in Fig. 8 the results
obtained by the approximated hysteresis band estimation are
shown; the behavior of the estimated band is compared with
that given by the PLL acting alone.
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Fig. 9. Simulated behavior of hysteresis control with PLL and feedforward.

Fig. 10. Simulated total phase ripple�. Top: with PLL only; bottom: with
PLL plus feedforward.

Fig. 11. Improved hysteresis current control behavior.

In Fig. 9, the results of the feedforward action are shown;
the term , given by the approximated estimator, almost
coincides with the band , while the mean value of the PLL
output is kept near to zero.

In Fig. 10, the current error produced by the PLL
control acting alone and that given by the proposed feed-
back/feedforward control are shown; noticeable improvement
is obtained due to better phase pulse synchronization. These
improvements were obtained notwithstanding a reduction of
the PLL bandwidth and increased stability margin which
passed from 12 to 35 .

In Fig. 11, the performance of the proposed control is
illustrated, including the transient response. Phase currentand
its reference , together with the total error, are reported.
The fast recovery after transient and the good accuracy can
be appreciated.

Fig. 12. Ramp-comparison current control simulated behavior.

Fig. 13. Deadbeat current control simulated behavior.

For comparison, the same quantities obtained in the same
conditions by a classic ramp-comparison control and by a
deadbeat control (both tailored for an optimum response) are
shown in Figs. 12 and 13, respectively.

In Fig. 12, the classic limitations of the ramp-comparison
control are evident [1]–[5], [23]. Although the integral action
keeps the average value of the output signal at zero, the
proportional gain must be limited to ensure stability in the
presence of current ripple. This gain cannot be made large
enough to eliminate fluctuating components at line frequency
and to respond to an appreciable transient. The maximum
gain and the zero of PI control are related to the system
parameters (namely, and ) and must be derated in case
of their variation. The above facts limit the analogy between
ramp-comparison technique and the hysteresis [17].

Similarly, the intrinsic delay which is characteristic of dead-
beat control, gives line frequency component in the current
error, as shown in Fig. 13. Instead, the recovery after the
transient is kept within good limits.

In Figs. 14–16, the corresponding error spectra, calculated
in steady-state conditions, are reported. The reduced contents
of the error component at the fundamental frequency, typical
of the hysteresis control, is evident.

The above simulations were run assuming the same load
and control parameters specified for the experimental tests.

V. EXPERIMENTAL TESTS

The proposed control was tested on an insulated gate bipolar
transistor (IGBT) inverter feeding a 2-kW induction motor.
The measured motor parameters were: 12.5 mH,
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Fig. 14. Improved hysteresis simulated error spectrum.

Fig. 15. Ramp-comparison simulated error spectrum.

Fig. 16. Deadbeat simulated error spectrum.

Fig. 17. Experimental transient response. Top to bottom:i1; i2; and i3 (4
A/div, 5 ms/div).

2.2 . The inverter modulation frequency was 5 kHz, with a
dc-bus voltage 300 V.

The control parameters were: PLL zero frequency
186 Hz, PLL filter gain 0.75, feedforward fil-

ter bandwidth 398 Hz. The above parameters
were the same as those assumed for simulation of Figs. 8–10.

The obtained system performance was accurate, robust, and
stable for a wide range of output frequency, with fast response.
A substantial improvement in sensitivity of the inverter opera-
tion and modulation frequency to the fluctuation of the supply

Fig. 18. Experimental transient response (expanded). Top to bottom: phase
current reference (4 A/div, 1 ms/div), phase current (4 A/div), upper band
limit �=2 (0.4 A/div), and decoupled current error�0 (0.4 A/div).

Fig. 19. Experimental feedforward control behavior. Top to bottom: decou-
pled error�0 (0.4 A/div, 1 ms/div), total band limit� (0.4 A/div), PLL output
�1 (0.4 A/div), and band estimator output�2 (0.4 A/div).

Fig. 20. Experimental total phase ripple�. Top: with PLL only (0.4 A/div,
2 ms/div); bottom: with PLL plus feedforward (0.4 A/div).

voltage and to the variation of the loading conditions was
experimented in comparison with those obtained by the simple
PLL control.

In Fig. 17, the transient response is shown for three-phase
symmetric currents of 4.7-A rms. The load EMF was estimated
to be 67-V rms, corresponding to a maximum normalized
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Fig. 21. Experimental phase pulses synchronization without feedforward.
Top to bottom: phase 1 voltageu1 (200 V/div, 50�s/div), phase 2 voltage
u2 (200 V/div), phase 3 voltageu3 (200 V/div), and clock (10 V/div).

Fig. 22. Experimental phase pulses synchronization with feedforward. Top
to bottom: phase 1 voltageu1 (200 V/div, 50�s/div), phase 2 voltageu2
(200 V/div), phase 3 voltageu3 (200 V/div), and clock (10 V/div).

voltage . In Fig. 18, a detail of a transient in the
same conditions is shown, demonstrating the good transient
recovery typical of the hysteresis controls.

In Fig. 19, the combined action of PLL and feedforward is
shown, demonstrating that the feedforward gives almost the
entire value of the total band.

In Fig. 20, the effects of the feedforward action on the total
ripple , due to the “centering” action on the phase pulses, is
illustrated. The results can be compared with the ripple given
by a control with the PLL alone.

In Figs. 21 and 22, the centering effect is directly proven.
The voltage pulses of the three phases are shown, together
with the clock signal synchronizing the phase PLL’s (on its
rising edge).

VI. CONCLUSION

An improved hysteresis current control technique for a VSI
was proposed in this paper, which ensures good control of
the position of voltage modulation pulses of the phase output
voltages. This allows it to approach the optimal condition
of “pulse centering,” which characterizes the classic three-

phase voltage vector control, resulting in a minimization of
the current ripple.

The method is an improvement of a constant-frequency
hysteresis control method already developed and applied in
[11]. It can be implemented by a very simple scheme and
inexpensive components. Due to its simplicity, self-adjusting
capability, and robust performance, the method is suitable to an
integrated implementation, by means of hybrid or application-
specific integrated circuit (ASIC) units.

The technique offers all the advantages of the hysteresis
controls in terms of accuracy, robustness, transient response,
and bandwidth.

The proposed method was implemented and tested, demon-
strating a reliable and high quality performance.
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