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Abstract: This paper investigates application of an auto-tuning of a digital PID controller for a DC-DC
buck converter, based on the modified relay feedback test (MRFT). Amplitude and frequency of the MRFT
oscillations are used as input to PID controller tuning rules that are proposed in this paper. These rules are
coordinated with the MRFT through a certain parameter in order to allow for the specification of gain
margin — for which a mathematical proof is provided in the paper. Another contribution of this work is the
development of the implementation of the MRFT auto-tuning method on a digitally-controlled DC-DC
buck converter. A PID controller is auto-tuned and tested on a digitally-controlled buck converter
prototype, and its performance is compared to that of an optimal but non-auto-tunable controller. Results
show good performance of the proposed method. A final contribution is the discussion of important
practical considerations regarding the application of the MRFT-based auto-tuning to switching converters.

Keywords: Auto-tuning, relay-feedback test, DC-DC converter, digital control, buck converter

1. INTRODUCTION

The last few decades have seen wide application of digital
controllers in power electronic converters, especially in high-
power converters where cost of the digital controller is a small
fraction of the total system cost. But in low-cost low-power
DC-DC converter applications such as switched-mode power
supplies (SMPS), the less expensive analog controller is still
mainly preferred. However, recent advancements in CMOS
technology have led to cost-efficient microcontrollers offering
good performance. This has encouraged the use of digital
controllers in low-power DC-DC converters, and
consequently increased the implementation of auto-tuning
algorithms (Maksimovic et al, 2004). This paper deals with the
application of a PID controller auto-tuning on a digitally-
controlled DC-DC power-electronic buck converter.

Auto-tuning methods may be classified into parametric and
non-parametric. While both methods begin with a test stage,
parametric auto-tuning involves online system identification,
based on which an appropriate controller is designed. But in
non-parametric auto-tuning, the test results are directly used to
update the controller — for example through an iterative tuning
procedure or using pre-programmed tuning rules. In what
follows, selected works from literature related to auto-tuning
methods applied to DC-DC converters are reviewed.

In (Stefanutti et al, 2007), a non-parametric PID controller
auto-tuning method based on the relay feedback test (RFT) is
applied to a DC-DC buck converter. The method involves
three stages of test and tuning. However, the method has some
limitations. For example, in the first stage of tuning, RFT
oscillations are excited at the LC resonant frequency in order
to identify it (by including an integrator in the loop along with
the relay. But since large oscillations may result at the resonant
frequency, the test is carried out at a reduced voltage during
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the ramp startup of the converter. This somewhat limits the
method’s practicality, since auto-tuning may be required
during regular operation when it is not possible to reduce the
operating voltage. Similar work is reported in (Corradini et al,
2007), but measurement of the amplitude of oscillations is
avoided in order to reduce measurement errors, and only time-
based measurements of the oscillations are used. Even though
this improves the robustness of the method in comparison to
(Stefanutti et al, 2007), the tuning part still consists of several
stages/iterations, which extends the tuning time.

A parametric auto-tuning approach is adopted in (Faraji-Niri
and Shaheydari, 2016). The system is first identified using
Fourier analysis of the RFT measurements, the tuning rules
developed offline are used to calculate controller parameters.
This method, however, requires measurement of the time from
the application of RFT until oscillations start. This is difficult
to obtain with reasonable accuracy, and the work has not been
verified experimentally. Another approach of exciting
sustained oscillations is used in (Zhao and Prodic, 2007) where
the resolution of the digital PWM is temporarily reduced (as
opposed to using a relay). This allows for continued regulation
of the system even during the test stage — though with poorer
tracking. Measurements from the test are used to fetch
controller coefficients from a stored lookup table. The digital
control hardware must therefore have enough memory to store
the lookup table. The controller may also need to have the
capability to perform interpolation operations if the lookup
table has limited data points stored.

Auto-tuned controllers using the injection of pseudo-random
binary sequence (PRBS) perturbations are also reported in
(Miao et al, 2005), (Shirazi et al, 2007), (Shirazi et al, 2009),
and (Serrano and Tsakalis, 2016). In these works the test stage
is followed by a system identification stage, and a controller is

13573



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

then tuned online using different methods. But the test time for
PRBS-based methods is longer compared to RFT-based ones,
and the tuning approaches are iterative and/or require stages.

In (Shehada et al, 2019), simple auto-tuning of a DC-DC buck
converter consisting of a basic RFT test followed by the use of
the Ziegler and Nichols (Z-N) PID tuning rules is reported.
While use of the Z-N PID tuning rules does not guarantee
stability nor a certain performance, the work in (Shehada et al,
2019) promotes the concept of simple test and tuning given its
practicality and robustness. The present paper builds on the
concept in (Shehada et al, 2019), but presents a much
improved auto-tuning method based on the modified relay
feedback test (MRFT) (Boiko, 2012). The method guarantees
stability with a specified gain margin. The method consists of
two stages. In the first stage, the MRFT is performed on the
DC-DC buck converter, from which measurements of the
amplitude and frequency of the oscillations are taken. In the
second stage, the measurements are used to compute the
controller parameter values using tuning rules proposed in this
paper. The whole tuning approach involves the concept of
coordinated test and tuning, which guarantees a specified gain
margin, regardless of the component values of the converter
used. Experimental verification of the auto-tuning method on
a buck converter prototype is provided.

In section 2 the MRFT is explained as an evolution of the
conventional RFT, and its mathematical analysis is provided.
Section 3 describes tuning rules used in the MRFT auto-tuning
method. Mathematical proof is provided to show that the
tuning rules indeed guarantee the specified gain margin if: 1)
some pre-defined coefficients in the tuning rules are designed
to satisfy certain constraints, and 2) the MRFT test parameter
is coordinated with the tuning rules. Section 4 describes the
experimental buck converter setup for which the auto-tuning
method is tested. An optimal controller used for comparison
against the auto-tuned controller is also described in section 4.
Experimental results and some practical considerations are
given in section 5, while conclusions are given in section 6.

2. THE MODIFED RLEAY FEEDBACK TEST

Limit-cycle oscillations (LCO) used for tuning purposes are
typically excited at the phase cross-over frequency (w;), as
knowledge of w, and the corresponding magnitude provides
information that is valuable for controller tuning. Methods of
driving a system into LCO include the Ziegler-Nichols closed-
loop test (Ziegler and Nichols, 1942) and the relay feedback
test (Liu et al, 2013). We further review the RFT as it provides
the background for presenting the MRFT.

2.1 The Conventional RFT

The block diagram of the RFT is shown in Fig. 1. The relay
function is described by the equation below, where u(¢) is the
control command produced by the relay, e(?) is the error signal
given by the difference between the reference r(f) and the
output y(f), and /4 is the magnitude of the relay command.
W,(s) is the transfer function of the plant to be controlled.

_(h e(®)>0
u(®) = {—h, e(t) <0 M

()

Wy(s) »

e(t) u(t)

- - Relay =
r(t) Ty (t) FHAF

Fig. 1. Block Diagram of the Relay Feedback Test

In most practical situations, the relay operates around a certain
non-zero steady-state value, so that all signals in Fig. 1
represent increments to the respective system values in a
steady state. The measured frequency of oscillations is called
the ultimate frequency (£ in rad/s). The time period of these
oscillations, given by 27/€y, is called the ultimate time period
(T.). The amplitude of the oscillations is denoted by ay. The
ultimate gain, K,, refers to the gain from the fundamental
component of e(¢) to the fundamental component of u(?). In
other words, it is the ratio of the amplitudes of the first
harmonics of u(¢) and e(f). The expression for K,, derived
using a relay model based on describing function (DF) theory
(Atherton, 2006), is given below.

K, = -~ )

mag

The Z-N tuning rules may be used to calculate acceptable
controller parameters based on the measured £y and K,.
However, the Z-N tuning rules guarantee stability with a gain
margin of 2 only when a proportional-only controller is used.
For a different controller such as PI, PD, or PID, not only a
gain margin of 2 may not be attained, rather stability itself is
not guaranteed. Nevertheless, Z-N tuning for PID controllers
rules usually provide satisfactory performance, and are
commonly used in practice. But it would be more beneficial in
terms of controller design to force oscillations at what would
be w; of the open-loop system. The MRFT, first proposed in
(Boiko, 2012), was developed in order to address this issue.

2.2 The Modified Relay Feedback Test

In the MRFT, an algorithm given in (3) is used instead of the
relay of Fig. 1. u(t-) is the control output immediately prior to
the time ¢. b; and b, define the switching conditions; they are
calculated using b; = -fenin and b, = e, Where f is a
constant between -1 and 1, and euax > 0 and e < 0 represent
the last (positive) maximum and last (negative) minimum of
the error signal e(?), respectively.

_{ h {e®) =b}orfe(t) >—b,&u(t-)=nh}
u(® = {—h, {e(t) < —b,} or {e(t) < by &u(t —) = —h} O

emax and ey, are initially set to zero, making b; = b, = 0. The
test is started with the loop closed around the modified relay
and the plant, and oscillations start to develop in y(¢) and
consequently in e(f). Every time a maximum (ems) OF
minimum (en») is recorded, the switching conditions (b; or by)
for the upcoming half-cycle are updated, as outlined in (Boiko,
2013). After a few transient cycles, oscillations stabilize such
that |emax| = |emin|. Similar to RFT, measurements of frequency
(€y) and amplitude of oscillations (ag = |emax| = |emin|) are taken.
K, is still calculated using (2). When sustained oscillations are
established with b = b; = b, = Bemax = -Bemin = Pao, the MRFT
acts, in a sense, as a hysteretic relay with hysteresis value
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depending on the amplitude of oscillations. The DF for this
relay is given below:

v =2 1= -2 @

Ta

> N@@) == (JT= B2 - jB) Q)

The following harmonic balance equation should be satisfied
at Q.

_r
N(ao)

%UQO)N(QO) =-1 > Vl/p(jﬂo) = (6)

The expressions for — and its magnitude and argument,

1
N(ag)’
are given below (with ay replaced by a for generality).

= (J1-B%+jB)

N(a)

a

=—=—u (7
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arg (—m) =arg (———) +arg ((\/1 - p? +Jﬁ))

1 B .
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It is noted that the magnitude (7) is only a function of the
amplitude of oscillations, a, while the argument is only a

—1 + tan™

function of # (8). The Nyquist plot of —m is given by a

straight line (a ray) starting from the origin and extending in
proportion with a. The line forms an angle y = sin”! with the
negative real axis, as illustrated in Fig. 2, which also shows the
Nyquist plot of W,(jw). The state of sustained oscillations is
thus represented by the intersection of the two plots, occurring
at o = £, and expressed mathematically in (9) and (10) below.

|W (]-Qo)| = |

Tag 1

=t ©)

Ky

N(ao)

arg (W;,(jﬂo)) =arg (— ) =—m+sin"!B (10)

1
N(aop)
A deficiency of using the conventional RFT followed by the
Z-N PID tuning rules is that the gain margin cannot be
predicted. The objective of the MRFT-based tuning method is
to design a PID controller that results in w, of the open-loop
system being equal to £ of the test. Since |W,(j€y)| would
then be equal to |W,(jw;)|, designing tuning rules that allow for
the specification of |W,(j€2)| is then equivalent to the
specification of gain margin.

3. RULES FOR TUNING WITH SPECIFICATION ON
GAIN MARGIN

Consider a PID controller of the following form, where K. is
the proportional gain, 7; the integral time, and 7} the derivative
time.

We(s) = K (1+ =+ Tys) (11)

Tuning rules of homogenous form, taken from (Boiko, 2012),
are used in this paper. The tuning rules are given below, where

coefficients cj, ¢z, and c;3 are positive constants.

' m

S
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S

v
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C{):.Q() w

V@ W,

Fig. 2. Nyquist plot of the plant and the negative reciprocal of
the relay’s DF
Ke=c1Ky=¢ :_:05 T =Ty = 2_7:, Ty =Ty = C3f2_7: (12)
The similarity in form to the Z-N tuning rules is to be noted.
However, for the tuning rules in (12), the ability of MRFT to
excite oscillations at any desired frequency from a certain
range through using a respective value of f in the test, along
with the appropriate choice of ¢, ¢z, and c3, will allow for the
specification of a gain margin, y, (Boiko, 2012). To ensure
this, the coefficients ¢, ¢z, and c3, and the parameter £ of the
MRFT must be selected in coordination with each other as per
the constraints below (Boiko, 2012).

1

Ym = 3

“a 1;5 ,  where & = 2mcy — - (13)
B — 2TCy

V1-¢§2

In other words, the use of a set (8, ci, ¢, c3) that satisfies (13)
will yield the specified y.. It should be noted that although the
constraints in (13) were proposed in (Boiko, 2012), the
rigorous proof was not provided. It is given below.

3.1 Proof that Constraints in (13) Guarantee the Specified
Gain Margin

Gor (i) = W,(jQ) %(iﬂo)

1 Q
JjQo 2mcy

D Gai) = ciKy (1+ jQocs =+ =20 ) W, (10,)

> Gu() = m(l + J&) - [W, (i10%)] - ¢Iar9(Wp(i90))

P Gou(iQ) = e (1 + j§)e/arasWplifo)

> G, (Q)] = 1+ §?
1 1

GotG00)|  c1y1tE2

This proves that the first constraint in (13) is a required
condition for the specified y,, to be achieved. Also, if Qy = wx,
the argument G,/(j€2o) is equal to —7.

arg(Go1(j)) = —m = arg(W, (i) + arg (W,(i0))

= —m=tan"1¢ +arg (Wp(fﬂo))

> Y =
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Fig. 3. Schematic of Digitally-Controlled Buck Converter System

2 arg (%UQO)) =-m—tan"1¢

Using (10) to substitute for the left-hand side of the last result
above gives the following.

—m+sin"!f=-mr—tan"1¢

= sin"!f=—tan"1¢

> B =—sin(tan"'¢) = —Jlf_fz
This proves that the second constraint in (13) is also required
for achieving £y = w, and thus ensuring that the y,
specification is valid. Next, it is noted that the constraints in
(13) constitute two equations with four unknowns — assuming
that y, is specified. This gives a great deal of freedom in
choosing the set (8, ci, ¢z, ¢3), which for example may be
utilized to meet certain quality performance criteria.

For the system under study, the desired gain margin is taken
as ym = 3. A digitally-controlled buck converter is used as
model system for calculating a specific set (8, ¢y, c2, ¢3) that is
to be tested on the buck converter prototype. Following
multiple trials of simulation and experiments of the model
system, the following set satisfying the constraints in (13) for
ym =3 is found.

B = -03, ¢, =0.318, ¢, = 3.171, ¢; = 0.058 (16)
A negative f means that the relay would lead the error signal,
resulting in an oscillation frequency £y that is larger than w,
of the plant, and that lies in the second quadrant of the Nyquist
plot. It was found that the use of a negative £ yields a PID that
gives a slightly better transient response than a PID based on
MRFT run with a positive . However, the derived PID
controller is not optimal either, and that task of optimizing the
set (B, c1, ¢2, c3) for say a given performance criterion is left as
a future work. However, as explained above, the test and
tuning rules do guarantee stability with y,, = 3, and that is true
regardless of the specific choice of the converter’s component
values.

4. EXPERIMENTAL SETUP

A digitally controlled synchronous buck converter is used for
the experimental evaluation of the designed controller. A
simplified schematic of the experimental setup is given in Fig.
3. A 150 MHz Texas Instruments fixed-point microcontroller
TMS320F28335 is used as the digital controller. The output
voltage (V,) is stepped down by the sensing circuit. The A/D
converter (ADC) converts V,,' to a digital value V,". The buck
converter Pulse-Width Modulation (PWM) switching
frequency is 200 KHz. The sampling rate is 200 KHz and is
synchronized with the PWM.

Voltage-mode control only is considered, where only the
output voltage is controlled; current in the inductor (L) is not
controlled. However, a small resistor (R;) is used to sense
inductor current for protection purposes. The output filter
capacitance consists of a parallel combination of two larger
Aluminum electrolytic capacitors (together as C;) and three
smaller ceramic capacitors (together as C). C; filters the
switching frequency component and reduces voltage ripple,
while C; limits higher frequency noise. Such arrangement also
lowers the equivalent series resistance (ESR) of the capacitors,
which reduces ripple in ¥, and improves the stability of the
control loop. Rz, Rci, and R¢; are the parasitic resistances of L,
Ci, and C, respectively. The parameters of the experimental
converter are given in Table 1. Results of the MRFT and the
transient response using the controller based on (16) are given
in the next section.

Table 1. Buck Converter Parameters

Parameter Value
Vs 9V
Vo-rof 2V
L 10 pH
G 2 paralleled 330 pF (Electrolytic)
C 3 paralleled 22 pF (Ceramic)
R, 1.57 Q
R 0.03 Q
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For the purpose of validating and benchmarking the MRFT-
based controller’s performance, another optimal controller is
designed as follows. Experimentally measured FR data of the
buck converter system is obtained using the Texas Instruments
SFRA (software) tool, which works by injecting small sine
perturbations in the digital duty-cycle command d and
measuring V," from the ADC. A transfer function (TF) of high
order is fitted to the obtained FR data, and the transient
response of this TF is simulated for a step in the V... The
“integral of time weighted absolute error” (ITAE) is computed
in the simulation using the equation below, where X is the
vector [K, Ti T4, tinir is the time instant at which the V,...r step
is applied, and ¢ is the settling time.

ITAEQO) = [° (£ = ti)le(t = tinie, X)ldt (17)
A least-squares based algorithm is used for optimizing X to
give the lowest ITAE. The parameters of the ITAE-optimized
PID controller are given in the next section. It should be noted,
however, that while this optimal controller is indeed expected
to perform better than the MRFT auto-tuned controller, the
optimal controller is not suitable for online auto-tuning.
Furthermore, an optimized MRFT auto-tuned controller can be
developed, which as mentioned earlier is left as a future work.

5. EXPERIMENTAL RESULTS

The first stage of the MRFT auto-tuning method is to run the
system with the modified relay in place of the PID controller.
Fig. 4 shows an oscilloscope waveform of the MRFT-induced
oscillations in V,, which appear around the 2 V steady state
operating point. Fig. 5 shows a digital sample of the error
signal with oscillations, which was stored in a buffer in the
microcontroller. It is seen that the error signal is highly almost
noise free, which is achieved by timing the sampling to occur
in between the converter’s switching events. Also shown in
Fig. 5 is the relay status, where +1 indicates that / is added to
the steady-state controller output, while —1 indicates that /4 is
subtracted from the steady-state controller output. The auto-
tuning controller automatically detects the frequency and
amplitude of the MRFT oscillations in order to calculate the
PID controller coefficients using (12) and the ¢;, ¢z, and ¢; in
(16). Based on that, the resulting K, was 23.12, while the
measured 7, was 58.5 us. Table 2 provides the PID controller
parameters for the MRFT auto-tuned controller and the
optimal PID controller described in the previous section.

The transient response of V, fora 2 V to 2.2 V step in Vo.ris
compared for the MRFT and optimal controllers in Fig. 6. The
MRFT auto-tuned controller shows only slightly higher
overshoot and slightly longer settling time compared to the
optimal controller. As earlier mentioned, the MRFT auto-
tuned controller is not specifically designed to provide optimal
transient performance for the system under experiment.
However, it does guarantee stability with a gain margin of 3
for any system and through that provide decent performance
for any converter.

Table 2. Parameters of MRFT & Optimal Controllers

MRFT
Optimal

K,=735
K,=8.19

T;=185.5 us
T;=1852 us

T,=3.4ps
Td: 12.1 us

| AL IRV RV TR VAR VTR IRV

Fig. 4. MRFT oscillations in V, measured with oscilloscope
(scale: 100 mV/div, 100 us/div)

2.05 1

(
Relay

RS

0 50 100 150 200 250 300 350 400 450 500
t (us)

Fig. 5. MRFT periodic oscillations (blue) and relay status (red)
as recorded in the microcontroller

1.95

(b)
Fig. 6. Transient response of V, for 2V = 2.2 V step in Vi.rer

(a) MRFT auto-tuned controller, and (b) Optimal controller
(scale: 100 mV/div, 100 ps/div)

In the following, some points related to the practical
application of RFT/MRFT to switching converters are given.

5.1. Effect of Sampling on MRFT

Often in switching converters, the sampling frequency (f;) is
set very high, at least as fast as the switching frequency (fi).
For successfully applying RFT/MRFT, it is reccommended that
the RFT/MRFT oscillation frequency, £, be about 30 to 40
times lower than f;. This provides a large enough number of
sample in the digitally recorded error signal oscillations, thus
allowing for a more accurate detection of £y and a,. Also,
specific to MRFT, a very low i/, ratio would result in a delay
in applying the relay. For example, consider the
experimentally measured oscillations in Fig. 5. There are
about 12 samples per cycle of oscillation. Considering only the
zero positive crossings, no crossing has a sample that is
exactly at e(f) = 0. This means that if a relay with zero
hysteresis is to be applied, the effective hysteresis would be
some positive value and not zero. This problem becomes more
severe as the f/Qy ratio decreases.
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Although it may not be possible to completely mitigate such
issue, certain measures may be taken to improve it. First, a
higher f;, and hence higher f; may be used. Also, whenever a
test is preformed, a quick calculation of the average deviation
of the actual hysteresis versus the intended hysteresis may be
made. If the deviation is above a certain threshold, the test may
be repeated. This is affordable in practice since each test lasts
for a very short time and results in minimal disturbance to the
system.

5.2. Value of Relay Magnitude

For a given system the choice of the relay magnitude, 4, must
be thoroughly tested to ensure that the test does not fail when
the system is put in operation. For positive or zero values of f
(delayed switching of the relay), usually a smaller 2 would
suffice. But for negative f (advance switching of the relay),
the gain of the plant is usually much lower, and so a higher 4
is required to obtain oscillations of an amplitude convenient
for measurement. This is important since measurement noise
may prevent proper oscillations from developing in case /4 is
not properly sized (i.e. if 4 is not high enough).

6. CONCLUSIONS

This paper presents a practical implementation of an auto-
tuning PID controller for a buck converter, based on the
modified relay feedback test (MRFT). The tuning approach
involves coordinated application of the test and tuning rules.
Tuning rules guaranteeing the gain margin of 3, when used
together with the MRFT having the parameter = —0.3, are
proposed. Proof that the proposed tuning rules indeed result in
the specified gain margin is provided. Experimental results for
the application of this auto-tuning method to a DC-DC power
electronic buck converter are provided. They show acceptable
performance of the developed auto-tuning method, with the
performance being not very far from optimal. It is important
to note that the tuning rules were not designed for the given
experimental prototype, and that the used experimental
prototype was a rather random object for an application of the
developed method. The method along with the proposed
tuning rules is applicable to the whole class of DC-DC buck
converters, though it is expected that performance will be
better for some buck converter designs rather than others.
Important practical considerations related to the application of
the MRFT to PWM switching converters are also discussed.
Overall, the results of applying the MRFT-based auto-tuned
PID controller using coordinated test and tuning rules on a
buck converter are promising as providing better than
satisfactory performance and are easy to implement. Future
work will focus on optimizing the tuning rules for certain
transient performance goals.
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