Cuctema cepBO-KOHTPOJSIA U €e BNUsIHNE Ha paboTy ycunurtenem 3ByKOBOU 4YacToTbl
Servo control system and its influence on the operation of audio amplifiers

PaccmoTpum paboTy cucTeMbl CEPBOKOHTPOSNSA Ha NpuMepe naeanbHOro UHBEPTUPYIOLLErO YCUNUTENS NOCTOSIHHOMO
TOKa ¢ KoadpdpumumeHTom yeunenua -20 (26 ab), puc. 1

Let us consider the operation of the servo control system using the example of an ideal inverting DC amplifier with a
gain of -20 (26 dB), Fig. 1
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Ha pucyHke 1 ycunutens X1 — vnagearnbHbI UHBEPTUPYIOLLMIA yeunuTens ¢ KoaddpuumeHtom yeunenms 10000 (70
nb) — TMnoBoe ycuneHne nogasnstowero 00nbLNMHCTBA yCUNUTENEN 3ByKOBOW YacToTbl ¢ pasoMkHyTon netnen OOC. B
KayecTBe ycunutens crneumnanbHo B3AT ngearnbHbl, YTOObI 6onee HarnagHoO yBUAETb BANAHNE UMEHHO CUCTEMbI CEPBO-
KOHTpons Ha paboty ycunutens B obnactun HY. NaeanbHbin yeunutens oxeadeH OOC rnybuHon 26 ob, noatomy
neTneBoe ycuneHne BO BCeW Nonoce 3ByKOBbIX YacToT paBHO 70 — 26 = 54 ob, 4to Gonee 4yem gocTaTovHO ANS
HEeWCKaXXEeHHOro YCUreHus: CUrHasnos.

In Figure 1, amplifier X1 is an ideal inverting amplifier with a gain of 10,000 (70 dB) - a typical amplification of the
vast majority of audio amplifiers with an open feedback loop. The ideal amplifier was specially chosen in order to more
clearly see the influence of the servo control system on the operation of the ampilifier in the low frequency range. An ideal
amplifier is covered by NFB with a depth of 26 dB, so the loop gain in the entire audio frequency band is 70 - 26 = 54 dB,
which is more than enough for undistorted signal amplification.

padhunk neTneBoro ycusreHus nokasaH Ha puc. 2

The loop gain plot is shown in Fig. 2

Fig. 1
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CHumem guarpammy boge, puc. 3
Let's remove the Bode diagram, fig. 3
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N3 guarpammel boge BuaHo 4to pocT ['B3 HaunHaeTca Huxe 40 u, B ocTanbHoOM gmnanasoHe B3 paBHO Hynto,
bnarogaps vgeanbHoOMy ycunutenio X1.

[MpoBepuM paboTy CUCTEMbI CEPBOKOHTPOSIS B KOHTPOSTbHbLIX Tovkax S n SC, puc. 3a).

It can be seen from the Bode diagram that the growth of the group delay starts below 40 Hz, in the rest of the group
delay range it is equal to zero, thanks to the ideal amplifier X1.

Let's check the operation of the servo control system at the control points S and SC, Fig. 3a).
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CwurHan Ha BbIXoge MHTerpaTopa B Touke S B 3ByKOBOW nosioce nosepHyT Ha 90 rpagycos. B KoHTponbHon Todke SC
curHan gononHuTenbHo noBepHyT Ha 90 rpagycoB RC-uenovkon. [NoaToMy CyMMapHbI MOBOPOT CUrHasna CepBOKOHTPOSIS
coctaBngaet 0 rpagycoBs, YTO rOBOPUT O TOM YTO B 3BYKOBOW Nnorioce oH byaet obecnevnBatb nonoxmtenoHyto OC. OgHako
Huxe 0,1 'y dpasa cepBo-kKoHTpona ctpemutcs K 180 rpagycam, obecneumsas rnyb6okyto OOC B obnactn MHGPaHN3KNX
4acToT U Ha NOCTosIHHOM Toke. Ecnu nckntounts RC-uenb, To 1 B 3TOM Crnyyae cucteMa CEpPBOKOHTponA byaet paboTtaTb



obecneynBas Ty xe apPEeKTUBHOCTb, TONbKO nogasneHne curHana SC Ha vactoTe 20 'y ymeHbwmnTes ¢ -72 A6 npuMepHo

no -42 ob.

OTKNOYUM CUCTEMY CEPBO-KOHTPONSA U CHUMEM auarpammy bopae, puc. 4

The signal at the output of the integrator at point S in the audio band is rotated 90 degrees. At the SC reference
point, the signal is additionally rotated 90 degrees by the RC chain. Therefore, the total rotation of the servo control signal
is 0 degrees, which means that it will provide a positive feedback in the sound band. However, below 0.1 Hz, the servo
control phase tends to 180 degrees, providing deep feedback in the infra-low frequency region and at DC. If you exclude
the RC circuit, then in this case the servo control system will work with the same efficiency, only the suppression of the SC
signal at a frequency of 20 Hz will decrease from -72 dB to about -42 dB.

Turn off the servo control system and remove the Bode diagram, Fig. 4
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Hunarpamma boge ngeanbHOro ycunuTensa cooTBETCTBYET NapamMeTpaM KoTopble npuBeaeHbl B Ntobom yyebHuke ans

HEUKaXXeHHOW nepenadn curHanos.

[MpoBepUM C KaKoW TOYHOCTBIO YyCunuTens 6e3 cepBo-KOHTPONA ycunmeaeT curHan yactoton 20 'y Ha nepBoMm

nepwoge, puc. 5
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The Bode diagram of an ideal amplifier corresponds to the parameters given in any textbook for unspecified signal

transmission.

Let's check with what accuracy an amplifier without servo control amplifies a signal with a frequency of 20 Hz in the

first period, Fig. 5

Tak kaK ycunuTenb naearnbHbl U HET 3a0ePXKKN NPOXOXKAEHUSA cUrHana, To ycunuTenb 6e3ynpeyHo ycunmeaet

CuUrHan c nepBoro nepunoga.

Bkntounm cuctemy cepBO-KOHTPONSA 1 AN HaYana NnpoBepUM UCKaXkeHust Ha 4-M nepuoge, puc. 6
Since the amplifier is ideal and there is no signal propagation delay, the amplifier amplifies the signal flawlessly from

the first period.

Let's turn on the servo control system and first check the distortion in the 4th period, Fig. 6
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Fig. 6

[MpoBepMM CMNEKTP BbIXOAHOIO HaNpsXXeHUs Ha NepBOM Mepuoae C BKIKYEHHOW CUCTEMOUN CepBO-KOHTpons, fig. 7
Let's check the spectrum of the output voltage in the first period with the servo-control system turned on, fig. 7
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3mepurM BEKTOPHbIE MOrpeLLUHOCTU NPU YCUNEHUN curHana bnmakoro K peanbHOMY (C aTakomn, CTauMoHapHOM

YacTblo 1 cnagom), puc. 8



Let us measure the vector errors when amplifying a signal close to real (with attack, stationary part and decay), Fig.
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Kak BUOHO 13 pe3yrnbTata Tecta BEKTOPHbIE NOrpeLlHOCTM MUHUMAarbHbI B CTaLlMOHapHOW YacTu rage
YYBCTBUTENbHOCTL CryXa K UCKaXXeHUAM MUHMMarbHa U MakCuMarsbHbl Ha ydacTke aTaku u cnaga. U aTto He
YOUBUTESbHO, TaK CUrHast CepBO-KOHTPOMNA XOTb U Mar Mo BeIMYMHE, HO NMOCTYNaeT B TOYKY CYMMUPOBAHUSA C 3a0ePXKKOM
320 mkc. U xoTa no cpaBHeHUto ¢ nepmnogom curHana (50 mc) ato scero nuwb 1/150 yacTe nepunoga, TeM He MeHee
nogobHas 3agepkka BHOCUT OLLYTUMbIE UCKaXKeHUs. B3sTb XoTs 6bl amMnnuTygy nepsoro nonynepuoga pasHyto 3 B, a
aMnnMTyga BEKTOPHOWM norpewHocT pasHa 2 mB, 4to ot 3 B coctasnset 0,07 %.

Mogaamm Ha BXo4 ycunuteasa nadkm curHana ¢ yepeayoLwenca nonspHoCTbLIO NepBoro nepuoaa, puc. 9

As can be seen from the test result, vector errors are minimal in the stationary part where the hearing sensitivity to
distortion is minimal and maximal in the attack and decay area. And this is not surprising, since the servo control signal,
although small in magnitude, arrives at the summation point with a delay of 320 us. And although compared to the signal
period (50 ms) this is only 1/150 of the period, nevertheless such a delay infroduces tangible distortions. Take at least the
amplitude of the first half-cycle equal to 3 V, and the amplitude of the vector error is 2 mV, which is 0.07% of 3 V.

Let's apply to the input amplified signal bursts with alternating polarity of the first period, Fig. 9
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Fig. 9

3 TecTta BUOHO YTO Npu NOCTYNSIEHUN Ha BXOA CUrHANOB C aMnnnTyaon 6rnmskon YyBCTBUTENBHOCTU YCUNUTENS B
BbIXO4HOM cuUrHasne rnosiBngeTcs NoCTosiHHasi CoOCTaBnsAoLLAa 3aBMcALLas OT MNOMAPHOCTU NEpPBOro nonynepuoga curHana.

Mogagum Ha BXof, HenpepbIBHbIWM CUTrHAS U MOCMOTPUM Kakoe BpeMsa HeobxoaMmo And BbiXxoda Ha YCTaHOBUBLUNACS
pexum, puc. 10

It can be seen from the test that when signals with an amplitude close to the sensitivity of the amplifier arrive at the
input, a constant component appears in the output signal, depending on the polarity of the first half-period of the signal.

Let's apply a continuous signal to the input and see how long it takes to reach the steady state, Fig. 10
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N3 TecTa BMOHO YTO B BbIXOQHOM CuUrHane nosBnseTcsa noctosdHHasa coctasnawowasa Ao 180 mB, Bbixoa Ha
YCTaHOBUBLLUNCS PEXMUM 3aHMMaeT bonee 3 CekyHA.

N HakoHeL, nogaaum Ha Bxod yeunutens doparMeHT Hadarna ogHoro U3 Tpekos, puc. 11

It can be seen from the test that a constant component of up to 180 mV appears in the output signal, reaching the
steady state takes more than 3 seconds. And finally,

let's feed a fragment of the beginning of one of the tracks to the amplifier input, Fig. 11
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N Ha peanbHOM curHane mMbl BUANUM NOSIBIIEHME NOCTOSIHHOW cocTaBnatowen. Hanbonee nnoTtHas YacTb curHana B
KOHLUe doparMeHTa aMmninTyaoun oT nuka 4o nuka npumepHo 5 B caBuHyta Ha 3 MB, 4Tto oT amnnutygbl 2,5 B cocTaenser
okono 0,12 %. bes cnctemsl cCepBO-KOHTPOMNA HET HU BEKTOPHbLIX MOrPELUHOCTEN, HA NCKAXKEHWN.

And on a real signal, we see the appearance of a constant component. The densest part of the signal at the end of
the fragment with an amplitude from peak to peak of about 5 V is shifted by 3 mV, which is about 0.12% from an
amplitude of 2.5 V. Without a servo control system, there is no vector error or distortion.

Kpatknn aHanuna nposern
A brief analysis was carried out
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