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Abstract

This paper shows the possibility of dead-beat cbfdr a current loop with a traditional Pl-conteol
Two different ways of Pl-controller parameter cédtions are presented. The modeling shows that
dead-beat behavior of the current controller isis if the predictive feedback is used and its
calculation algorithm is presented. Algorithm irsiés$ winding circuit inductance estimation,
correction of ADC feedback measurement to takeactount preamplifier’s filter impact and ADC
noise. All tests were performed on a DC-motor mduletlthe results can be used for alternating
current motors.

I ntroduction

PI (or sometimes PID) is the most widespread tyfpmntroller for close-loop control systems. It is
still popular due to simple methods of tuning thotigday other powerful control strategies such as
fuzzy-logic or neural networks are widely used. @&lthms for Pl-controller parameters calculation
for analog Pl-controllers have been establishedHsre is not enough information on digital PI-
controller implementations and the capabilitiegligital control systems with a Pl-controller.

This paper presents different methods for digitaddhtroller parameter calculation to achieve a
single PWM period response time and gives recomat@nts for feedback calculation. The DC-
motor was taken for model testing due to its sigigli It is fed from a half-bridge PWM converter
and the aim is to build a current loop with deadtmntrol. The results can be expanded on AC
drives.

The presented method is very similar to the onergin [1] but it pays more attention to motor
parameter estimation. All motor and power-conveptaameters in [1] are determined by list square
estimator and this paper deals with estimationdasephysical equations of the controlled system.
The described method has good performance withl sianddtions of reference signal compatible with
hysteresis controller.

Pl-controller Parameter Calculation Using Z-Transform Method

The testing motor has the following parameterssiates: armature resistanBe=1Q , armature
inductanceL =0.01H, emf =60V and inverter supply voltagé,. =110V. PWM frequency is

1000 Hz. The power circuit is shown in Figure 1t'$@assume that a power converter can be replaced
by zero order hold and gain, there is no dead-tinteno voltage drop on transistors and diodes.,Also



we assume that we know the exact value of induetah®C-motor winding and can obtain the exact
value of the current at any time.
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Fig. 1. Power converter and DC-motor
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To obtain controller transfer function for a curréop let’s use the desired close-loop discrete
transfer function

Woe (2)=27. (1)

Hence the desired open-loop discrete transfer ilumds:

1
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The plant transfer function is:
1- e—RT/L
(1) = | 3)

And now we can calculate the transfer functiontfier current controller:
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This is a Pl current controller with the proport@bgain k, = and the integral gain

E (1_ e—RT/L)

kT :i. For the control structure from Fig. 2 the plat $tep response is shown in Fig. 3.
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Fig. 2. Digital dead-beat current control loop withcontroller
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Fig. 3. Step response for dead-beat current Plaltert
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Pl-controller Parameter Calculation Using Voltage Balance Equation

We can try to obtain Pl-controller parameters difeerent way using voltage balance equations.
There are two possible states for a circuit from Ei— when VTh is on (VTI is off) and when VTl is
on (VTh s off):

it ()

-emf —i,R, VTl =on.

Then we can replaceé with A and temporally removeR to simplify the equation:

A, = Voc —emh. yT;
T
(6)
Ai, :——e'L'" (1-y)T,

wherey is the duty cycle for VTh. To calculate the chanfjghe current during the PWM period we
should addAi,, to Ai :

A/ emf
Ni, =-2CTy-—T. 7

a= L YT (7
If we know actual and reference currents, we cdoutate the exact value of the duty cycle to reach
the reference at the end of the next PWM periodo Atsshould be mentioned that it can be possible
only if there is enough voltage to do it in a ss§WM period. Let's express the duty cycle from (7)

and replacehi, with an error in the current:

v[K]= f/‘l’zhﬁ(iref [K] i, [k~-1)). (8)



is very close to the same parameter in (4). iﬁéﬁ) is
DC DC

The value of the proportional gakp =

the emf compensation.

There is an armature resistance in the real syatehthis should be taken into account. To
compensate its impact we should add

Ve[ K] = (9)

to (8). The reference current is used in (9) asglitbe reached at the end of next PWM periodh# t
previous reference is achieved by the armaturentithen (9) can be expressed:
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Equation (10) is an integrator and its result stidnd added to (8). The integral ga;i,nzvi is
DC

similar to the same parameter in (4).

Feedback Prediction for Pl-controller in Digital Control System

Today most motor and power converter control systara implemented on microcontrollers.
Microcontroller has a finite performance of theteaire and ADC. This should be taken into account
if we want to achieve the quality of response showrig. 3.

Usually we need to obtain data from ADC at least times during the PWM period. It is better to do
it at the beginning of the PWM period and in theldhé. The performance of TMS320F28xx devices
is enough to obtain ADC data 8 times every PWMqzkrAt the end of the 8th conversion software
calculates arithmetic mean value and it can be fsdeedback of the PI current controller [2]. $hi
value is not exactly what is needed for the deat-Bé&controller because it operates with the curre
right at the end of one PWM period to calculateydwfcle for the next one. That's why we need to
predict the value of the feedback signal at thea@eWWM period and the prediction has to be made
not to close to the end of period because we shwaud a time to run Pl-controller routine and to
update the compare units of microcontroller befbeenext period starts.

In [3] it is suggested to use the FIR-function
X [K] =1,5x[K] = 0,5[ k - ] (11)

to predict the value of the changing signal fodfesck but we still have a big overshoot and ringing
To achieve good result we should predict feedbablievzand make it very closed to the real current at
the end of PWM period. It can be done using equataf the voltage balance for 8 points of ADC
conversions on a single PWM period:
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The prediction of the armature current beha‘@cﬁk] can't be used directly for feedback because it

was gained from open-loop equations. The differdrateveen the estimated and actual value may be
caused by errors My andemf measurement, errors iR and L values and calculation errors. The

principles of tracking and compensation of DC-luditage and emf measurement errors was
described in [4]. The impact of error in resistanakie is less than 5%. So we should pay more
attention to the error in the inductance value.

The correction of the errors can be made usingalaion between the mean value of the actual
current obtained from ADC and the mean value oftftenated current:
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I nductance Estimation

(13)

Let’'s assume that known inductance value is twicalker than the real one. So there will also be an
error in the proportional gain and response timehei greater than one PWM period. Due to the
smaller model inductance the magnitude of the fiesstnonic of the predicted current will be twice as
bigger as the real one. DFT can be used to olttaisihusoidal component of the first harmonic for
both currents — measured and estimated:



Ign[k]zgia[k—%}sin(z—;qz
=sin(2—;jia[k—?73}+sin( %Tjia[k——g} " sirE ﬁ;ji{k——;ﬂ : (14)
fgn[k]zsin(%jfa[k—g}+sir{ Z%Tjia[k——g}+ o+ sirE %}f{k—ﬂ.

The new value of the inductance may be obtainel thi following formula:

I:[k]:I:[k—l]El:%. (15)

For noise immunity it is better to use an iteratiygroach formula like:

L[k] = L[k-1] EE“M] (16)

Ign[K] + 1n[K]

The response of the current loop with the induataestimator is shown in Fig. 4. The solid line show
the behavior of the real current. The white rouradkars show model predicted current estimations,
black square markers stand for arithmetic meanevafithe measured current and the white square
marker is the prediction of the current for feedbathich was corrected with (13).
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Fig. 4. Step response with inductance estimator

Effect of Analog Signal Filtering

The previous model experiment ignores the factalatnalog signals pass through prescaling and
offset circuit with analog filtering. An example siich a circuit is shown in Fig. 5. There are twoR

filters in the circuit. One filter witlR, and C,, at the input and another witR; andC; at the ADC
input. The major time constant in this particulase is

T, =R;C,; =510(0.1110° = 511 s. (17)
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Fig. 5. Current sensor circuit

This filter affects the measured current signal tredmagnitude of the sinusoidal component of the
first harmonic. Its reduction can be calculateschgghe following equation:

A, = Acosp =;
J1+Q7T?

So (16) had to be rewritten including the resulfld) to take into account the filtering processhia
ADC circuit:

co§— arctfT, ))= 0.952 cps 17)&  0.91. (18)

IAsin[k]_lsjni[k]
C[K]=C[k-1] 1+ﬁ . (19)

Effect of ADC Quantization Error and Noise

The effect of the ADC quantization must be taken sccount when the input data variation used in
control algorithm (for example in inductance estiioa) is comparable to the ADC resolution and
noise. Let's take TMS320F28xx 12-bit ADC with whiteise (£2). The current sensor and analog
input circuit is designed for the range from —-560G-500 A. The initial model inductance is twice as
higher as the real one. The model experiment ieaudt shown in Fig. 6. The thin solid line is the
filtered current signal and the vertical bars aedata obtained from the ADC with the quantization
error and noise.
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Fig. 6. Dead-beat current loop with ADC quantizateffect



Microcontroller | mplementation

The described algorithm will be useful only if &cbe implemented in modern microcontrollers. All
control algorithms use float(32) variable formatiethis now supported by Delfino and Concerto
MCUs from Texas Instruments [5,6]. If necessarg,dlgorithm can be implemented in the 1Q-
mathematics [7] on the integer 32-bit microcon&ndl The control software can be divided into
several functions:

« the calculation of the armature model, obtainingAfata and calculation of intermediate
results of DFT (8 times a PWM period): 2 compargsdhbranches, 7 additions or
subtractions, 5 multiplications and 1 division;

« the prediction correction and the feedback calmnafl time at the end of PWM period): 1
multiplication and 1 division;

« the inductance estimation and the controller priigaal gain recalculation (1 time at the end
of PWM period): 3 additions or subtractions, 3 riplitations, 2 divisions;

« the current controller and compare unit referengetate (1 time at the end of PWM period):
2 additions, 4 multiplications, 2 comparisons artlit@éhches depends on selected Pl-controller
structure.

Total execution time is about 850 CPU cycles on BRIB-28335. The division operation will take
most of the time. One division takes about 190e&yaeals their routines are written for signed dath an
they perform some tests like division by zero tkss possible to reduce division execution time30
CPU cycles or less replacing standard routines faghversion without any tests of input data. For
150 MHz microcontroller 1/8 of PWM period lasts 875 cycles so it is enough time for this
algorithm implementation even if we consider the &@we with d and q current controllers.

Conclusions

This paper shows that it is possible to obtaindisa&d-beat control in a current loop using a tradél
Pl-controller. The methods of its parameter catooteare simple but the Pl-controller needs a
predicted feedback signal. The implementation efffedback predictor requires sufficient computing
capacity but it is possible with modern MCUs nolydor DC but also for AC-motor drives.
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